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ABSTRACT

This report contains a description of a general purpose, 6-degree
of freedom terminal homing missile simulation. The program uses
quaternions for the coordinate transformations and features the use
of subroutines to enter seeker, autopilot, aerodynamic, and wind models.
The program is written in FORTRAN,
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Section I INTRODUCTION

1. Purpose of Program

The General Purpose, 6-Degree of Freedom Terminal Homing
Missile Fi•r',ation Program is a FORTRAN program designed to simulate
the dyniami- of tprminal homing missile systems with a maximum degree
of flexibiloty. The flexibility is achieved through the use of user
supplied suoprograms which are used in conjunction with the main
program.

The program uses quaternions, as opposed to Euler angle rotations,
to generate the coordinate system transformations. The quaternion

approach is as accurate as the Euler angle approach and has the advan-
tage of avoiding "gimbal lock" which may be encountereu in some cases
with Euler angle rotations. The quaternions do not need FORTRAN SIN
or COS routines in the computation of the transformations matrices which
results in a potential savings in the computation time.

2. Assumptions

The airframe is assuired to be a rigid body and aeroelastic
effects are not included.

The airframe is assumed to have a plane of mass synwetry coinciding
with the vertical plane of reference (plane defined by the missile x and
z axes in Figure 1). The y-axis is therefore a principal axis and the
products of inertial I and I vanish. Thus, if mass asymmetries are

xy vz
to be simulated, the xy-plane must be used (xz plane must be a plane
of symmetry).

A flat nonrotating earth with constant gravity is assumed.

3. Coordinate Systems Used by the Program

The program uses two coordinate systems. The earth fixed
(inertial system) and the missile body-axis system. The earth fixed
coordinate system is assumed to be fixed to a flat earth with the z-axis
of a right hand coordinate system pointing down. The missile body-axis
system is a right hand coordinate system with the x-axis aligned with
the longitudinal axis of the missile. The coordinate system is fixed
to the missile and rolls with it. The relationship between the earth

lRobirson, A. C., On the Use of Quaternions in Simulation zf Rigid
Body Motion, WADC TR 58-17, December 1958.
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X,Y,Z EARTH SYSTEM AXES
x,yz BODY AXIS SYSTEM AXEz

, EULER A'NGLES
X',Y',Z" - INTERMEDIATE AXES Vt ROTATIONAL SEQUENCE

Figure 1. Relationship Tietween the Earth and Body-Axis Systems

fixed and body-axis systems is g i ven in Figure 1 in terms of Euler
angles. However, Euler angles are not used in the computational
structure of the program except for the initial conditions and when
Euler angle printout is selected as part oi a standard printout
option (Section V).

4. Six Degrees of Freedom in the Simulation

The 6 degrees of freedom of the airframe consist of three
translations along the inertial X, Y, and Z axes (earth fixed system)
and three rotations about the body-fixed x, y, and z axes. The rota-
tions are expressed by the quaternion eO + ie! + je 2 + ke 3 .

(Appendix A contains a discussion of quatirnions.)
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Section II EQUATIONS USED BY THE PROGRAM

1. Variable Lisx

The following is a list of variables which are used in the
equations in the simulation along with their corresponding FORTRAN
program variable name.

EQUATION VARIABLE FORTRAN VARIABLE VARIABLE DEFINITION

aI A(I) Element of the coordinate
transformation matrix

a2  A(2) Element of the coordinate
transformation matrix

a3  A(3) Element of the coordinate
3 transformation matrix

ALFX Angle of attack in the pitch
plane

b A(4) Element of the coordinate
transformation matrix

b A(5) Element of the coordinate
transformation matrix

b A(6) Element of the coordinate
transformation matrix S

BETA Angle of attack in the yaw
plane

c! A(7) Element of the coordinate
transformation matrix

c2 A(8) Element of the coordinate
transformation matrix

c3 A(9) Elemeit of the coordinate
transformation matrix

I DPI Wing deflection fin I (pitch)

"2 DY2 Wing deflec-ion fin 2 (yaw)

3 DP3 Wing deflection fin 3 (pitch)

4 DY4 Wing deflection fin 4 (yaw)

D D Diameter of missile body

AX DELXE Missile to target displace-
ment in earth X direction

AY DELYE Missile to target Gisplace-
ment in earth Y direction

3



AZ DEIZE Missile to target displace-
ment in earth Z direction

At DT Integration step size

""tmn DTMIN Minimum allowed integration
step size

Emax EMAX Maximum allowed error in
integration

e0 X(4), EO Ouaternion parameter

eI X(5), El Ouaternion parameter

e2  X(6), E2 Quaternion parameter

e 3  X(7), E3 Quaternion parameter

Constraint error [See Equa-
tion (11-12)]

f F[ Body-axis component of force
in x direction

f FY Body-axis component of force
in y direction

Fy FYE Earth system component of
force in Y direction

f FZ Body-axis component of force
in z direction

Fz FZE Earth system component offorce in Z direction

g G Acceleration due to gravity
h HX Angular momentum of missilex

about body-axis x-axis
h HY Angular momentum of missile

about body-axis y-axis
hz HZ Angular momentum of missile

about body-axis z-axis
ITERA Number of integration itera-

r ions

Ix IX Missile's moment of inertiaabout body-axis x-axis

Iy IY Missile's moment of inertia
about body-axis y-axis

Iz IZ Missile's moment of inertia
about body-axis z-axis

4



Izx IZX Missile's product of inertia
in the x-z plane

K K Arbitrary constant used in
quaternion constraint

KE KE = (K) (E)

m MASS Mass of the missile

M MACH Mach number of the missile

M MX Moment about the body-axis
x

x-axis

M MY Moment about the body-axis
Y y-axis

MAXPT Maximum allowed number of
printouts

M NZ Moment about the body-axis
z

z -axis

n SX Number of seeker and auto-
S

pilot state variables

n TX Number of target state
t variables

p X(l), P Angular rate about the body-

axis x-axis

PRNTI Print interval

PHI Euler angle rotation phi

PSI Euler angle rotatio.; psi

qs. qsd QS, OSR, OSD Dynamic pressure terms

q X(2), Q Angular rate about the body-
axis y-axis

RHO Air density constant

r X(3), R Angular rate about the body-
axis z-axis

R in REIN Miss distance (computer .ifter
run is complete)

R(4) Integration status parameter
(See Appendix B)

RM Range to the target

S S Reference area of missile

a SIGY Line of sight angle in earth
coordinate -ystem X-Z plane

5
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z SIm Line of sight angle in earth

coordinate system X-Y plane

SMAX Maximum error in integration
computation

Si X(1), Seeker and autopilot state
14 ! I n. + 13 variables

T X(I), ns + 14 : i Zarget state variables
and I ! ns + nt + 13

TMAX Maximum time for a computer
run (real time)

o THTA Euler rotation Theta

a U Body-axis component of missile
velocity in the x direction

U X(8) Earth system component of
missile velocity in the X
direction

U eUE Body system component of
missile airspeed in the x
direction

v V Body-a"is component of
missile velocity in the y
direction

V X(9) ?',rth s.ystem component of
c.:iile velocity in the Y

V VE ?.-ýrtn - "stem component of
e mi. sils. airspeed in the Y

u .rection

V VM Velocity of the missilem

V "S Velocity of sound

w W Body-axis component of
missile in the z direction

w X(1O) Earth system component of
missile velocity in the Z
direction

W WE Earth system component of
e missile airspeed in Z direc-

tion

6



W WX Earth system component of
x wind velocity in X direction

W WY Earth system component of
Y wind velocity in Y direction

W WZ Earth system component of
z wind velocity in Z directior

x X Body-axis component of missile
displacement in the x direc-
tion

X X(11), XE Earth system component n:f
missile displacement in the
X direction

X XTE Earth system cumponent of
missile target in the X
direction

y Y Body-axis component of
missile displacement in. y
direction

Y X(12), YE Earth system component of
missile displacement in Y
direction

v YTE Earth system component of

target displacement in Y
d irec tion

z z Body-axis component of
missile displacement in z
direction

X(13). ZE Earth system component of
missile displacement in Z
direction

ZT ZTE Earth system component of
target displacement in Z
direction

A 'dot" over a variable will he used to indicate the time derivative

of the variable. For example X is the time rate change of X. The

derivative of the FORTRAN variable X(l) will be indicated by the -ariable

DX(T).

2. Initial Conditions

The initial conditions for the simulation are given in terms

of the equation variables: X, Y. Z, u, v, w, p, : , ., p. q, r, S1.



$2, Sns Ti , T2 , . T which are supplied by the user. The
s t

equation variables to be integrated are:

K, Y, Z, K, Y, Z, p, q, r, eo, e1 1 e 2, e3, Si' $2,...Sn ; T, T2 ,.. .Tn
s t

Thus, X, Y, Z, e 0 , el, e 2 and e 3 must be computed from the input quanti-

ties supplied by the user, a;ad Equation (A-33) of Appendix A, gives

e 0 = cos 4*/2 cos 0/2 cos 4'/2 + sin ý'-/2 sin 0/2 sin o/2

e, = cos '/2 cos 0/2 sin 0/2 - sin i'/2 sin 0/2 cos o/2

e= cos '4/2 sin 0/2 cos */2 + sin ,'/2 cos 0/2 sin o!2

e= -cos +/2 sin 0/2 sin o/2 + sin v/2 cos e/2 cos o/2 . (II-1)

To find X, Y, Z we must generate a transformation matrix which will

take the velocities u, v, and w (body-axis system) into X, Y, Z (inertial
reference system). Thus, using Equation (A-29) of Appendix A,

2 2 2 21 =e 0 +e -e 2 -e 3

a 2 =2(je 2 + e 0e 3)

a 3  2(e 1 e3 3 e 0 e 2)

b = 2(ele2.- e0 e3 )

2 2 2 2
b =e0 4-e -e - e2
2 0 2 1 3

b= 2(ee 3 + eoe

C= 2(e.e 3 + e 0 e 2)

8



c 2 =2 (e 2e 3  e e0e I)

2 2 2 2
3 +e -e -e 2 0(1-2)

Then

X a 1 b c u

Y a" b 2 c 2 v

z a 3 b 3 c 3 w (11-3) •

3. Computational Sequence

a) Compute

C1= tan()

5 = tan-lv (]H-4)

b) Compute V and .- as a function of Z by linear

interpolation

c) Compute

lu2 2 2
U +V +w (IT-5)

V
s

d) Compute seeker, autopilot, and target dynamics from user
supplied equations of the form

S = (11-6)

9



b h1(S1 isS 2 .... S)

, S)

53 ~ h3(l'S 2 I2 ... S n )

b 4 h4 (S, S ... S) 2i1-n)[T ,1, fT, T2--- T nj
T r2  T1  ,., T)i 2 ' 2 TI T2''' Tn

n nt fnt 1 , T2 ,..., Tn (n1-8)
L J L tl.,F,

Sx• ZIT , T2,--.,-nt)

f. z 2 (T 1 , T 2 ,...' T I ,

Z T L 3(Tl T 2""-- T nt) (11-9)

e) The forces and moments in the body axis system - f f

fzH x M y , and Mz - are computed by user supplied equations of a, •,

S, D, H, 51, •2' F3 ' F41 and p. The moments o-" inertia Ix and Iy, the

product of inertia Iz, and the mass m of the missile are also supplied
by user.

f) Compute the following equations for missile angular
accelerations:

h I +h I

I x - 12

10



q - -
y

hz ix + X-z -)
r = 2

I It -I

X z ZX

where

it M- .q I ) qr Izx

g) Compute quaternion derivatives, Equation (A-74) of

Appendix A

0 -1/2 e. p + ee2 .3 K

10 (e0p + e 2 r % 3

4 1/2 qe + e PeIre3 )+ Ye2

2 1/2(eOq~~e~'+

S= 1/ -(e0 + el q e2 )+ e 3

and where K is an arbitrary constant (K = 100 in tljis program).

- -
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h) Compute the forces in the inertial system

F xa I b I c1  f

F = a 2  b2 c 2  f

Fz a3 b3 c 3  f z (11-13)

i) Compute the accelerations in the inertial system

U= F /m
x

X U

V =F /m
V

Y F/rn + g

Z W (11-14)

j) Integrate the following equations variables:

p, q, r, U, V, W, X, Y, Z, e 0 , eI, e 2 , e 3

k) Compute the components of wind speed Wx, Wy, Wz in the

inertial system by user supplied equations.

1) Compute the inertial components of missile airspeed

U =U-We x

Ve V W y

W =W-e W (IW-15)

12
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m) Compute the body axis componentE of missile airspeed
(u, v, and w).

I e
u a1  a2  a 1  U

v b b 2  b 3 Ve

w cI c 2 3 _ we_ (11-16)

where

2 2 2 21 +e - e 2 -e 3

a2 = 2 + e0e3)2 ele2

!a3 = 2 e eoe2o3 2(ele3  e0 2)3 le3 -

b 2(e e e eeA
= 21 2 03;

2 2 2 2b2 e + e e e2 0 2 1 -3

b3 = 2(e e + e e

c 1 = 2(e 3 + ee 2 )

= 2(e 2 e 3 - eoei)

2 2 2 2
c 3 =e 0 +e 3 -e 1 -e 2 2(I-17)

m) The computational loop is closed by going back to Step a.

13



Section III FORTRAN SUBROUTINES SUPPLIED BY USER

1. General Information

The user must supply the following subroutines: SEFKER,
TARGET, FOROM, WRT, STRPLT, and WIND. Some of these subroutines may not
be required and may consist of only a DIMENSION, a RETURN, and an END
statement.

Variables not in the argument list for these subroutines must be
"transferred" by COMMON statements. The main program contains some
standard common blocks which can be used as needed (Paragraph 2 of
Section V).

2. Subroutine SEEKER

Subroutine SEEKER is used to model the dynamics of the seeker
and autopilot sections. In most cases common block ANG will be required
because the wing deflections will be needed in other subroutines and in
the main program when the standard printout option is used. Section V
of this report contains additional information on the standard common
blocks.

Subroutine SEEKER should contain a model of the form given in step
d) of Paragraph 3 of Section II. The subroutine should define the
derivatives of the state variable to be integrated by using the FORTRAN
variable DX(I) where I = 14, 15, .-. ., SX + 13.

For example. let us assume that the seeker and autopilot section
are defined by the block diagram given below (the s is a Laplace operator.

Let the variables shown in Figure 2 be defined as follo-s:

y - Line of sight angle in inertial space for the X-Z plane (rad)

Cz - Line of sight angle in inertial space for the Y-Z plane (rad)

o - Pitch wing command (rad)

y- Yaw wing command (rad)Y

K - Seeker gain (rad/sec/rad)

Kn - Navigation gain.

14



Figure 2. Simplified Block Diagram Example

The differential equations for the block diagram in Figure 2 can be
written as a set of first order differential equations obtained directly
from Figure 2, and

6Y K~c - x

Fjp=1C 1 when IKnXl!- S-$l

By = K mX)h (KX 1) hn

~ KX whe 6MAXI

fro nr 2 amax

E-p=(bma) SG+( 2  when IKXn2X > (I max

4

Letbg =~ by O0if time <50 seconds. I•

151 (
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The corresponding FORTRAN program is:

SUeROUTINE SEEKER(TIMEX,DX)
REAL INPUT
REAL KE
REAL KKN
DIMEP'SI ON X(1},DX(1)

COMMON /ANG/ALFADB aTASIGY.SIGZ ,DPIDY2,DP3DDY4
KNi-8.5
K=10,
DX(14)=K*(SIGY-X (14) }

LX(15)=K*(SIGZ-X(15))
DP1:=KN.*DX (14)
DY2=Kf4*DX(15)
IF(A8S(DP1),GT,, 745) DP1-SIGN(.1745,DP1)
IF(ABS(DY2).GT..1745) flY2=SIGN(.1745,DY2)
IFtTIHE.LT.50.) DFI=DY2=0.
DY4=fY2
DPJ=DP1
RETURN
END

Note that the wing commands DP1, DP3, DY2, and DY4 may be defined in
any manner the user wishes, however, !he user must be consistent with
the wing command defined in the user supplied FOROM subroutine. Note
also that the FORTRAN variable SX is equal to two because there are two
seeker states [X(14) and X(15)].

3. Subroutine TARGET

Subroutine TARGET is used to model the target dynamics. The
model should have the form of the model given in step d), Paragraph 3
of Section II. The subroutine Ps a general rule should contain the
standard common block DISPL (Section V). The derivatives of the state
variables to be integrated must be defined by the FORTRAN 1X(I), where
I = 13 + SX + 1, 13 + SX + 2, ... , 13 + SX + TX. The target locations
in earth coordinate system (XTE, YTE, and ZTE) must also be defined.

Subroutine TARGET can be illustrated by a simple example where the
target is located at X = 46,000 ft, Y = 500 ft, Z = 0 ft in the earth
coordinate system and is moving with a velocity of 5 ft/sec in the Y
direction.

16



SUBROUTIh,. TARGET(TIMEXDX)
DIMENSION X(i),Px(t)
COMMON /DISPL/ U,V,W,DELXE,fELYE.DELZE,XTEYTE,ZrE,P.m
DX(16)=5.
XTE=46009 *

YTE=500,+X(16)
ZTE=V,
RETURN
END

Note that there 's one state variable in the subroutine and the FORTRAN
variable TX is ec.ual to 1.

4. Subroutine FOROM

The purpose of subroutine FOROM is to supply the forces,
moments, moments of inertia, product of inertia, and .,ass to the main
program. The forces are in the body-axis system.

The positive conventions for forces, uoments, and angular rates for
the body-axis system are shown in Figure 3.

"f Y I %J NJ
q ~M.

Figure 3. Positive Conventions in the Body-Axis System

Subroutine FOROM must contain common blocks: FRMO, AIR, ANG, and
OTheR2 for most applications (Section V) likely to be encountered.

The use of subroutine FOROP can be illustrated by a simple example:

SUgROUTINE FOROM(TIME*X,DX)
INTEGER SXTX
REAL KE,K
REAl. MACH, MX,MY,MZIX,IYIZIZXMASS
DIMENSION X(1),LX(1)
COMMON /ANG/ALFA,GETA,$SIGY,SIGZDp1,riY2,DP3,DY4
COm,3N /OTHER2/ THTAPSI,PHI,KESwtlSX,TXKGMAXPT
COMMON /AIR/ MACkWVMVSvQS#0SD,&SRRHO

17
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lo - --- ~----- ------- W

COMMON/FRMO/ 7X,FYFZMXMYMZIXIY, IZIZX.MASS
jY=IZ=4.77

IX= .202
MASS=: .671
IZX=O.
S= .196 5
0.5
CDO- ,25
CM A= -2 3.
CN A= 15 .
CM0D--8.

CMO=-283.
CALL QSDSUP
rX=- .5*QS*CDO
FY=-.5*QS*CNA*IdETA
rZ=-. 5*GS*CNA*ALFA
Q=x (2)
R=X(3)
hM:= Z,

MY,.5*SOSOD (CMA*ALFA*CMD*DPl+D*CMQ*Q/(2.*VM))
MZW . 5* GS D (- cm A* @E TA +C MD oD Y' +D *.C MG CP/( 2. .V M) )
RE T" RN

Note in the example the aerodynamic coefficients are assumed to be
constants. In most simulations this assumption v.,uld not be valid and
aero data must be stored in tables as a function of Mach number. For
some tail controlled missiles where the angles of attack are likely to
be relatively large, it may be necessary to compute the aerodynamic
coefficients as a function of three independent variables - Mach number,
angle of attack, and wing deflection. The problem is basically one of
interpolating to find; an accurate aerodynamic coefficient for any given
set of independent vdriables. To help solve this problem, an interpola-
tion routine has b6en provided as part of the main progra. which will
handle one, two, or three independent variables. A description of the
interpolation routine can be found in Section IV. Subroutine QSDSUB
is a subroutine supplied by the main program which computes the dynamic
pressure terms (Section IV).

5. Subroutine WRT

The purpose of subroutine WRT is to provide a way to output
certain variables not in the standard printout. As will be discussed
in Section V, there is an input data card which provides the user with
the following output options: standard printout only, printout provided
by the user in WRT only, or the printout provided by the standard print-
out plus the output generated by WRT. Subroutine WRT must as a minimum
contain

18
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SU3ROUTINE WRT(TIMEX,DX)
DIMENSION X('),DX(i)
RETURN
EN r'

For this example, the standard printout option would normally be used.
All variables to be printed out by WRT with the exception of the arrays
X and DX, and the variable TIME must be transferred to WRT by COMMON
statements.

6. Subroutine STRPLT

The purpose of the user supplied subroutine STRPLT is to
store output data in arrays as required and to provide enough flexibility
so that plots can be made with either the line printer or with some
other output device such as the Tektronix 4002A graphics terminal.

A line printer plot will be generated by the following example
program. Subroutine PLOT is discussed in Section IV. The line printer
plot generated by this program is given in Section VI.

SUSOUri'rItNE STRPLT(TIME,X,DA, I'3ISS, IP_3T)
1 DJ...SION x(1),DX(t)

t ~~D1•F~JS ['N ACjF Q),BCS0g)

COUMON10THERlI ITERA,DT, DT .' .I,FMAX ,.N ,SMAX TMAX ,.A RN TI
4 FORMAT(1Ht,5SjX,*7.F. VS TIMF*/ )

F (ITE A.NI..1) GO TO 1.
I:;

TS-'.
STFP:1.

1 CONT IJUF.
1F(TIMO.E.Lr.TS.AND.I'PLOT.EQ.O) '30 TO 3
TS:T I;mCE+STEP

A(I) =;I.M;
A( I ):? II)

IF (I PLOT .E, -j) It) TO .3
wRITT.(6, 4)
N: I
uO 5 J:1,N

5 A(J+;'J):(J)
CALL PL0T(A,?J,2,Z,#)3 RETURN

END! 1

19
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The FORTRAN variable IPLOT is set to zero during the flight phase of the
simulation and is set to one when the run is complete and plotting can
commence. IMISS = 0 when the miss distance is less than 50 feet.
IHISS = 1 when the miss distance is greater than 50 feet (RMIN has no
meaning).

7. Subroutine WIND

The purpose of the user supplied subroutine WIND is to provide
a method for placing a wind model in the simulation when it is required.

Subroutine WIND should contain a minimum of the following

SUBROUTINE WIND(TIMEXDXUV,i)
DI)FNSION X( 1),DX(1)
RETURN
END

The variable U, V, and W are components of missile velocity in the
earth coordinate system. So to enter a wind model; U, V, and W must
be "replaced" with inertial components of missile airspeed. For example,
if the wind is blowing in the inertial Y direction with a velocity of
10 ft/sec, the subroutine would take the followiDg form:

SUt3ROUTINE WIND (T1'AE,X,DX,U,V,W)
DIMENSIC-. X(1),DX(1)
V V -1 M.

RE T.J RN
END

20



Section IV FORTRAN SUBROUTINES SUPPLIED BY PROGRAM

1. General Information

There are certain subroutines available with the main program
which may be called by the user supplied subroutines. The subroutines
simplify the task of programming in that a group of statements may be
replaced by a single call statement in the user's program. The following
sections define the function of each subroutine which can be called by
the user.

2. Subroutine LIM

Subroutine LIM contains a limiter model and has a calling
statement of the form

CALL LIM (INPUT, OUTPUT, A, B)

where

OUTPUT = INPUT when A < INPUT -5 B

OUTPUT = B when INPUT > B

OUTPUT A when INPUT < A (IV-I)

NOTE: INPUT is a real variable in subroutine LIM.

3. Subroutine LIMSTA

Subroutine LIMSTA contains a limiter model which modifies the
input quantity as well as limits the cutput. The calling statement is
of the form

CALL LIMSTA (INPryr, OUTPUT, A, B)

where

OUTPUT = INPUT when A -5 INPUT 5 B

OrTPUT = INPUT B when INPUT > B

OUTPUT = INPUT = A when INPUT < A (IV-2)

NOTE: INPUT is a real variable in subroutine LIMSTA.
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4. Subroutine DETEC

Subroutine DETEC contains a simplified detector model with a
characteristic as shown in Figure 4.

OUTPUT

C

-0 A SLOPE

D -INPUT

-C

Figure 4. Model of Detector Characteristic

The calling statement is of the form

CALL DETEC (INPUT, OUTPUT, A, B, C, D)

where the arguments are defined in Figure 4.

NOTE: INPUT is a real variable in subroutine DETEC.

5. Subroutine DEADSP

Subroutine DEADSP contains a mcdel of an element with dead
space as shown in Figure 5. The calling statement is of the form

CALL DEADSP (INPUT, OUTPUT, A, B)

where the arguments are defined in Figure 5.

NOTE: INPUT is a real variable in subroutine DEADSP.

6. Subroutine LAG

Subroutine LAG contains a model of a first order lag with a
transfer function of the form

22
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OUTPUT(S) - 1
INPUT(S) ¶s + 1 (IV-3)

OUTPUT

/., OUTPUT -
INPUT -B

A __________INPUT

OUTPUT
INPUT -A

Figure 5. Dead Space Model

The calling statement is of the form

CALL LAG (INPUT, OUTPUT, X, DX, INDF T)

where X is the array of state variables used by the main program
(similarly DX is the array consisting of the derivative of X), INDEX
is an integer defining tne element of X which defines the state of the
first order lag, and T is the time constant T defined in Equation (IV-3).
Note that a first order lag model requires only one state variable and
thor INPUT is a real variable in subroutine LAG.

7. Subroutine SECORD

Subroutine SECORD conta.ins a model of a second order linear
system with a rransfer functlon of the forr

9

OtrUPUT(S), wn
INPFT(S) S2 + 2nw S + 2 (IV-4)

n 'n

The calling statemen:t is of tLe form

CALL SEC~ORD (INPUT, OUTPUT, X, DX, INDEX, ETA, WI)
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where ETA = and WN = wn [Equation (IV-4)] and INDEX is an integer

defining the element of the array X (Section IV) which corresponds to
the first state variable of the model. for the second order system. Note
that two states are required to model a second order system and that
INPUT is a real variable in subroutine SECORD.

8. Subroutine LDLAG

Subroutine LDIAG contains a model of a standard lead-lag
compensation network with a transfer function of the form:

OUTPUT (S) I + 1
INPUT(S) r2s + 1 (IV-5)

The calling statement is of the form

CALL LDLAG (INPUT, OUTPUT, X, DX, INDEX, Tl, T2)

where INPUT, OUTPUT, X, DX, and INDEX art- defined similarly to the
definitions given ir: Section IV and where TI = -1 and T2 - T2 [Equation

(lV-5)]. Note that one state variable is required to model a lead-lag
network and that INPUT is a real variable in st,_broutine LDIAG.

9. Subroutine GYRO2

Subroutine GYR02 contains a model of a seeker gyro which can
be torqued. The calling statement is of the form

CALL GYR02 (TGY, TGZ, X, DX, INDEX, IX, ITP, ITY, WS)

Consider Figure 6.

S-TGY
y xyzr x BODY-AXIS" AXES E

-- " XrYgZI - GYRO COORDINATE SYSTEM AXES

01 NOTE: v, AND Z. AXES ARE NOT SNOWNSPINJ AXIS OF *

THE GYRO

1
x z

Figure 6. Gyro Coordinate System
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Let x, y, and z be the coordinates of the body-axis system (fixed on the
missile) and let e and * define the location of the gyro spin axis. Then
the arguments of subroutine GYRO2 are defined as follows:

TGY - Torque on the gyro as defined in Figure 6

TGZ - Torque on the gyro as defined in Figure 6

X - Array of state variables [X(INDEX) = e and X(INDEX + 1) 4rJ

IX - Axial moment of inertia of the gyro

ITP - Transverse moment of inertia in the pitch plane

ITY - Transverse moment of inertia in the yaw plane

WS - Spin rate of the gyro

INDEX - An integer defined as in Section IV.

This gyro model does not model nutation of the gyro and thus is
suitable for digital integration using a relatively large step size.
Note that two states are required to model the gyro. The torques TGY
and TGZ zze transformed to torques in the gyro coordinate system which
has an X -axis aligned with the gyro spin axis and which does not rotate

g
or spin with the gyro wheel. The equations used in the model can be
obtained from the listing of subroutine GYR02 given in Appendix C.

10. Subroutine PLOT

Subroutine PLOT was intended to be called in subroutine
STRPLT (Section III) and can be used to plot out information using the
line printer. Section VI contains an example of a trajectory (altitude
versus time) made with subroutine PLOT.

The calling statement is of the form

CALL PLOT (A, N, M, NL, NS)

where

A - Matrix of data to be plotted. The lirst column represents
the base variable (e.g., time), and the successive columns
are the cross variables (the maximum number of cross variables
is nine).

N - Number of rows in A

M - Number of columns in A

NL - Number of lines in plot. If NL= 0 specified, 50 lines are
used (one standard line printer page)

25



NS - Code for sorting the base variable into ascending order.
If NS = 0, the base variable is in ascending order and sorting
is not required. If NS = 1 sorting is necessary and the base
variable will be placed in ascending order.

11. Subroutine TABLE

Subroutine TABLE is an interpolation subroutine which will
handle functions with one, two, or three independent variables.

The call statement is of the form

CALLTABLE (N, ANSWER, WT, X, XT, NX, NPX, Y, YT, NY, NPY, Z, ZT, N, NPZ)

where

N - The number of independent variables

ANSWER - Dependent variable corresponding to (X, Y, Z)

WT - Table of dependent variables corresponding to (XT, YT, ZT)

X - Independent variable X

XT - Table of independent X values

NX - Number of points in XT

NPX - Number of points to be used for X interpolation

Y - Independent variable Y

YT - Table of independent Y values

NY - Number of points in YT

NYX - Number of points to be used for Y interpolation

Z - Independent variable Z

NZ - Number of points in ZT

NPZ - Number cf points to be used for Z interpolation.

The use of subroutine TABLE can be illustrated Iy a simple example.
Assume that Table I is a table of values for the axial drag coefficient
C.0

The data can be stored in tables by means of a data statements

DATA(( (CDOT( IJ, K) ,I:1,) ),J=I, 4#K=,12)/
X.8, . 7, .6,. 4., ,3
X.6,. 5. .4,. 3, .2,

X.5, .4, .2, .2, .2,
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X. 7, .65,. P 4,
X .5o. 4, .3,. 2, .2,

X3.j,3.,3*,P2@,29,
X.3, .3, .3, .4, .5/

DATA DELC I), 1:1,4)1-15. ,
DATA (,ACI(I),=1,2)/.4..8/
DATA (ALFAT (I),* ,5)/.,5. ,1 5.,1. ,2./

Table I. Data Table for Drag Coefficient CD

Angle of Attack
(deg) Deflection Mach

0 5 10 15 20 (deg) No.

0.8 0.7 0.6 0.4 0.3 -15 0.4

0.6 0.5 0.4 0.3 0.2 -10 0.4
0.5 0.4 C.2 0.2 0.2 -5 0.4

0.4 0.4 0.3 0.2 0.2 0 0.4

, 0.7 0.6 0.5 0.4 0.3 -15 0.8

u0.5 0 .4 0.3 0.2 0.2 -10 0.8

10.3 0.3 0.3 0.2 0.2 -5 0.8

j0.3 0.3 0.3 0.4 0.5 0 0.8

The prugram wcrld contain a call statement of the form

CALL TAOLE(3,CDjO,COT,ALFAALFAT,5,2,DPIDEL,4,2.MArH,¶T.2,2)

Thus given ALFA, DPl, and MACH, CDO will be computed by intcrrclation.
Note that NPX, NPY, and NPZ are equal to two. This implies that all
interpolation will be linear. Note also that the data table -?re
arranged in ascending order of magnitude for the independent variaojes
and that the angle of attacl. table values correspond to the : subscript
of the data statement for CDOT(I, J, K). The J and K subscripts corre-
spond to the wing deflection and Mach number table values respectively.
When N = 2, the variables Z, ZT, 1N, NFZ are all du--y variables. When
N = 1, the variables Y, YT, NY, NYZ, Z, ZT, NZ, NMZ are all dummy
variables.

27
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12. Subroutine OSDSUB

Subroutine QSDSUB contains computations for the standard
aerodynamic pressure terms. The calling statement is of the form

CALL QSDSIUB

The common block AIR must be included in the subroutine which call
QSDSUB. The variables in commnon block AIR are computed as follows

2
QS= m

2QSD p V S D

QSR = V S D2
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Section V INPUT AND OUTPUT DATA

1. Input Data

The following is a list of input data cards required by the
program:

a) SX TX (read in with 215 format)

b) TAG(I), I = 1, 8 (read in with 8A10 format)

c) IOPTN, INTOPT (read in with 215 format)

d) TIME, PHI, THTA, PSI (read in with 8FIO0. format)

e) U, V, W, X(l), X(2), X(3) (read in with 8F10.0 format)

f) X(ll), X(12), X(13) (read in with 8FIO.0 format)

g) X(I), I = 14, 13 + SX (read in with 8F10.0 format)

h) X(I), I = 13 + .5X + 1, SX + TX + 13 (read in with 8F10.0
format)

i) DT, DTMIN, EMPX, PRNTI, TMAX (read in with 8F10.0 format)

j) MAXPT (read in with 215 format)

k) (Blank card)

where

SX is the number of state variables in subroutine SEEKER

TX is the number of state variables in subroutiri TARGET

TAG(I), I = 1, 8 is a 80 column title for output (may be a blank card)

IOPTN is the print option (if IOPTN = 0 standard printout; if
IOPTN = 1, printout by subroutine WRT; and if IOPTN = 2,
standard printout plus printout provided by WRT)

INTOPT is the integration routine option (if INTOPT = 0, Runga-
Kutta fourth order used for integration; if INTOPT = 1,
variable step Runga-Kutta Merson is used for integration;
if INTOPT = 2, Hamming Predictor Corrector is used for
integration). See Appendix B for discussion of integration
routines.

TIME is the initial value of time

PHI is the initial value of the Euler angle 4 (Figure 1)

THTA is the initial value of the Euler angle e (Figure 1)

PSI is the initial value of the Euler angle * (Figure 1)

U is the initial value of the missile velocity in the body-axis
x-direction
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V is the initial value of the missile velocity in the body-axis
y-direction

W is the initial value of the missile velocity in the body-axis
z-direction

X(l) is the initial value of the body rate p about the bt.dy-axis
x-axis

X(2) is the initial value of the body rate q about the body-axis
y-axis

X(3) is the initial value of the body rate r about the body-axis
z-axis

X(ll) is the initial displacement of the missile in the earth
coordinate system X-direction

X(12) is the initial displacement of the missile in the earth
coordinate system Y-direction

X(13) is the initial displacement of the missile in the earth
coordinate system Z-direction

X(I), I = 14, 13 + SX are the initial values for the state variables
in subroutine SEEKER

X(T), I = 13 + SX + 1, SX + TX + 13 are the initial values for the
state variables in subroutine
TARGET

DT is the step size to be used for integration

DTMIN is the minimum step size to be used for the variable step
size integration methods. The constant has no significance
for the fixed step Runga-Kutta integration routine but DTMIN
must still be defined.

EMAX is the maximum error to occur in the integration routines.
The step size will be reduced until the error is less than
EMAX or the minimum step has been reached (DTMIN) (DTMIN usedII for Runga-Kutta-Merson only)

PRNTI is the print interval in seconds (PRNTI must be greater than
or equal to DT)

TMAX is the minimun value for the FORTRAN variable TIME. The run
is terminated and the next data set is read in if TIME > TMAX.

MAXPT is the maxi.mum allowable number of printouts. After the run
is ccmplete for one data set, the program is initialized,
and a new data set is read in. Thus, data sets may be
"stacked" in sets. The program can be terminated by setting
SX = TX = 0. This can be accomplished by placing a blank
card after the last data set.

30
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2. Output Data

a. Standard Common Blocks

The stardard common blocks whi(h are part of the main
program are

CCPIMCN /TRANS/ A(9)
CCt4MCN /DISPL/ UgVtW.,DELXEDELYErELZEt.TEYTEZTERM
CCPMCN /ANG/ALFAPFTASIGYgSIG7,.CF1iDY2,OP3,DY4
CCt'MCN /AIR/ MACH ',MijVSQSOSDQSR,RHC
CCPVPCN /FPMO / FXFYFZMXMYMZIXsIZIYgtZXgt'ASS
CCtFMCN /OTHEP1/IT ERA, DTDTMINtEMAX ,StAX, TTPAX ,PRNTI
CCPMON/OTHER2/ THTAPSIPHIKEYS D9,SXTXgI(GMAXPT
CCtMCN IINT/ R(W)
CCAMCN /MIS/ RPIN

These common blocks may be used to transfer variables from the
main program to various user supplied subprograms (and vice versa) and
from user supplied subroutine to user supplied subroutine. The variables
given in the COMMON statenents are defined in Section II.

The following variables must be declared to be real when a common

block containing them is used: Mx, MY, Mz, IX, IY, IZX, MASS, KE, and
K. The variables SX and TX must be declared to be integer variables

when common block OTHER2 is used.

b. Output Options'

The options available for outputing have been cover-% in

Section II. A sample of the standard printout is given in Sectir.cn VI.
Note that Euler angles are provided in the standard printout. These

angles are computed only at the print interval from the quaternions
(Appendix A).
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Section~ V! EXAMPLE PROGRAM AND OUTPUT

1. Subpgroyms Supplied by User

The following listing is com~prised of the listing fro-.d examples
used in the previous sections.

SLJ6RGITINE SH EKE (TIME9XO* 9-00
PECAL INP~UT
REAL KE *
REAL K,<N

CUM,40!, /ANG/ALFABETASIGY,SIG?, !Th'iY2,DP.3,DY"
KN=8.5

DY (lit) =K(S1GY-X(14)

01P1=(N*3Yi14)
DY 2=KN*3)X((5)

TF(TI*1.LT.5TJ.) flPl=0Y2=0.

flP3=.'JPj
~E TJ ? N

SUrR~O*JTINF c0OC-4(TI'VX,'X)
INTEGF0 SjX,TX

COmM01O4 /AN&IfALFA,8ETASt~rY,31GZ,0oIOY2,flP3,OY4
CPMON/~T9-~E2/THTA,PSIl,P41, KE,SDS~rTXK.G,#'9AXPT

Cn"4O*4/ýRmo/ FX,FYFZs$M(,MYM7,IX ,IYIZIZX,#IASS
tY=IZ=4. 77
TX=. 2J2
:.IASS=4.6 '1
17X~j.

C1MA-23*
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Ch40= 18.
CtO= -283.
CALL fOS-3SUS
FX=- 5*a5SC)O

F=,5TIS*CN A* PETA
FZ=-.5* QS*(CNA'ALPA
Q=X( ?)
R=XC 3)
MX=ZJ.
MY=. 5*(Z ALFA+OOD*PIOCtQ0G/ (2,*V1))

RFTJr> j1

SUB-0 8J1IC4F TP.(tfrfdIvPL

3IMENSION A( lJuJ),R(5E.:

4 FFO'lAT(ti4l,53i,'XZE VS TI!1F*/

IF(tT&Ir-.QN-,.1) G) T) 1

TS=).
ST 3 1..ý-

1 CONtT I ME~
T F(TI E .L T .T SANO 9IPL OT. c)..JI GO3 TU 3
TS=T t 'F+STE3

A (ID :TT4~
I (DI( (13 1
IF (I. LCT .E (No 0 GO T-1 3
WRITE V-9 4)

N=T
1)0 5 J=10N
A (J+N) =3(J)
CALL ,)LQY(A*Nv2.t3,O)

3 RETURN
- FNC

SUR134JLTIJ4E TARGET fTI'4IXv0X!

CIM401C~ /131SOL/ UVsWDrELXE,)ELYEOFLZEv(TEvrTEZTERM
')X Q16) =i .

Y Y(= 5 hi. + (16)
Z T F =

T U R N
E NO
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SUB8eUTI4E vRT(TIME-,X0a
DIMENSION XU ,jXI (1)
PE T-J ii

SNU

SUAR,)UTI NF 4,1 P.(TIME-XqOXUtV,Jw)
OIMENSI3N Y(i) ,oX(i)
P TURN

2. Input Data

The following initial conditions i-ill be assumed;

to = 36.5 sec Y = 47.78 ft

u = 762 ft/sec Z = -13,420 ft

v = 0 ft/sec 0 = 0 rad
w = 0 ft/sec 80 = -0.379 rad

p 0 rad/sec = 0 rad

q =0 rad/sec X = O rad

r = 0 rad/sec XI5 ' 0 fad

X = 31,5CO ft X 6  0 ft

Let the step size be 0.005 second, the print interval be 0.5 second.
and let the maximum time (TMAX) be 70 seconds. Because the print inter-
val is 0.5 second there should be no more than 140 printouts (1iAXPT = 140).
Select the standard printout and Rusga-Kutta integration. The input data
card set will then ba as follows:

5 10 20 30 40 so0 f 70 80, 1 1II I I I I :

TEST PROGRAM FOR 6D TERMINAL HOMING PltORA!4
0 0

36.5 8. -. 3791 0.762, 3, to 9,•.I,
3150e. 47.78 t:34:26 *. 0..

to a* 9.0

ie4

34



3. Output

The followling is the output result from the subprograms given
in Paragraph I of Section V and input dsta given ir. Paragraph 2 of
Section V.
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Appendix A. QUATERNIONS

1. Introduction

There are currently three methods in general use for generating
coordirate transformations used in 6 degrees of freedom flight simula-
tions: Euler angle rotations, direction cosines, and quaternions. This
appendix will deal with quaternions and Euler angle rotations.

2. Euler Angle Rotations

Euler's theorem states that any real rotation may be expressed
as a rotation through some angle about some fixed axis. That is,

5 regardless of what the rotational history of the body is, once it reaches
some orientation, that orientation may be specified in terms of a rota-
tion (through some angle which can be determined) about some fixed axis.
The theorem can be restated in terms of matrices as follows: for every

orthogonal transformation matrix A, there exists some vector R such that

A R = R (A-l)

Equation (A-l) is a statement that there exists a vector coincident with
the axis of rotation that is not changed in magnitude or direction for
every orthogonal transformation matrix A. That is, the existence of an
axis of rotation can be established for any orthogonal transformation
matrix by proving Equation (A-l). The proof of Equation (A-l) can be
based on the more general equation

A R = R (A-2)

where % is a scalar quantity called an eigenvalue. The eigenvalue pro-
blem is well known, and it can be shown that the characteristic or

secular equation for real orthogonal matrix must have a root X = +1.2

Euler's theorem shows that it is possible to express any rotation (or
orthogonal transformation) as a single rotation about some axis and,
thus, it is possible to make use of the equivalent rotation to specify
orientation.

An orthogonal transformnaton matrix will now be developed usixs
Euler parameters. Consider Figure A-1. X, Y, and Z are the inertial
axes and x, y, and z are the body-axis axes which are assumed to be

2Gantmacher, F. R., Theory of Matrices, Chelsea Publishing Company,
1960, Library of Congress Catalog Card No. 59-11779.
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fixed to a body rotating in space. The task here is to derive the

transformation which will take the vector I = (X, Y,. Z) into the vector

B = (x, y, z)- By Euler's theorem, it is known that an axis of rota-
tion exist (Figure A-i) such that the coordinate system (X, Y, Z) can
be "rotated" about the axis and be made to coincide with the (x, y, z)
coordinate system for any possible orientation of the (x, y, z) coor-
dinate system. Now let 'he axis of rotation make angles a, p, and y
with the X, Y, and Z axes, respectively, as shown in Figure A-1. Note
it is a geometric coxisequence that the rotational axis makes the same
angles a, p, and 7 with the x, y, and z axes, res.ectively. This fact
can be appreciated by the artifice of considering the X, Y, Z coordinate
system shown in Figure A-1 to be constructed of wire and welded at the
origin to a wire representing the axis of rotation. Clearly, the wire
representing the axis of rotation may be rotated until botli coordinate
systems are coincident. The obvious conclusion is that t,-- .n%'es must
be the same. The next step is to define a new coordinate t-yr. ý (Xr,

Yr' Zr) such that Xr is aligned with the axis of rotati( 'nd such that

the Y axis is in the X-Y plane. There is an orthogonal transformationj r
matrix . such that

SY~r :

Zr z (A-3)

In an identical manner, a coordinate system (x y ,Y z) can be defined
r r r

for the body-axis coordinate system such that the x axis is alignedS~r
with the axis of -otation and such that the yr axis is in the x-y plane.

Then

Yr " "

z riLzJ(A-4)

where the matrix A in Equation kA-4) is identical to the matrix A in
Equation (A-3). Now make the following definitions:

B r (xrl Yr' Zr) (A-4a)
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Ir = (XrI Yr Zr) (A-5)

B = (x, y, z) (A-6)

I = (X, Y, Z) (A-7)

then

B = A B (A-8)
r -

I r A I (A-9)

Since the x and X axes coincide
rr

B -=_ r (A-b0)

where R gives a rotation about the axis of rotation and is of the form

[1 0 01

R 0 COS 1 sin~j

S-sinj. cos tj (A-il)

where . is the amount of angular rotation.

Then using Equations (A-8), (A-9), and (A-10)

B = R A I (A-12)

A B = R A I (A-13)

B= A R A I . (A-14)

Thus, an orthogonal transformation from the X, Y, Z coordinate system to
the x, y, z coordinate system can be found by finding the matrix A in
terms of the angular parameters a, 0, and y. Because the X axis is

r
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aligned with the axis of rotation and because the Yr axis is perpendi-
cular to the Z axis (a 2 3 = 0), A is of the form

[Cosac Cos Cos7 1
A = a21 a22 0

L a31 a32 a33 J(A-15)

Since A must be orthogonal matrix, it is possible to deduce

Cos aCos Cos .

A= +cos Pcsc7 y ±cos acsc y 0

+cos a cot y ±cos F cot y ±sin (A-16)L
The ambiguities in sign may be removed by geometric considerations with
a = 0 which implies y = = i/2. The result is

[ cos a Cos Cos

A -cos P csc 7 cos a csc y 0

-cos a cot 7 -cos • cot y sin . (A-17)

The desired transformation A 1 R A may now be computed and

2 2 2 2 2Q- + X) 2(Q -I- IX)

A2 2 2 22

2(•+,×) 2(i• - X) 2 2 + ,2

(A-18)

where

= cos a sin 4/2 = cos fý sin 1±/2

= cos y sin 4/2 X = cos /2 . (A-19)
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The four parameters g, •, •, and X are known as the Euler parameters.
It should be noted that the four parameters are h~ot independent because

2 2 2 2=1 .(-0
2+ t2 + T)2+ X2 (A-20)

Given •, •, •, and X it is possible to compute a unique transformation
matrix. It is also possible to solve for the Euler parameters given
tbe transformation matrix, but several correct solutions may exist,
that is, the solution is not unique.

3. Quaternion Parameters

Quaternions is another four-parameter method to generate
orthogonal transformations and is the method used by the computer pro-
gram. The quaternion q is by definition of the form

q =e 0 + e i + e2 j + e3 k (A-21)

where e0, e1, e 2 , and e3 are real numbers and the vector indices i, j, and

k are defined by

2

.2

j = -1 jk = -kj = i

k2 = -I ki = -ik = J (A-22)

The conjugate of q is defined to be

q* = e0 - ie 1 - je 2 - ke 3  (A-23)

It can be shown from the definitions above that

2 2 2 2qq* = q* q = e 0 + e 2 + e22 + e 3 (A-24)

If qq* = 1, then q is known as a versor.

The quantity e0 is called the real or scalar part and ieI + je2 +

ke3 is called the complex or vector pirt. Now let V be a quaternion
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whose scalar part is zero. Thus V may be thought of as a vector

V =iX+JY + kZ (A-25)

Now consider

q* V qV' .(A-26)

where q is a versor (q* q =qq* 1)

It can be showni that V' is a by using the definition estab-
lished for quaternions, and

~'=e 0  ie e 2 ke) (i+jY + kZ)(e + ie +ie + ke3)(A-27)

0 i )(

expanding

whos sAa part + s e eo Thu A. may e thuh [2e as 2eto

2 2 3 + 2 Y + 2] rA-211
V] = ee -+2e2 2)2

I+ ~[2e Ie 2 - 2e 3e]+Ye0 - el2 + e., e e3
2 + Z[2e e 0 + 2e3 e 2]1

+ktX[2e 0 E 2. + 2eIel 3 YI2e 1e 3 2e 0el + 0F - e - + e2 13

(A-28)

or

V e = i -e 2 -e -2 2e 3e0+ee 2ee e - e 0e 2 X-0 1 2 33 21130)

V X 2(e e 2 -e 3 e 0) e 0
2 -e1Ife 2

2 _e3
2 (2e6' 3+eZ 2 )l e

2 (eI eý+ee 2 2 e 2e3 e~e1) e 0 2-e1 2-e 2 2 +e 32 Z (A-29)

The oove matrix can be shown to be ar. orthognnal transformation matri].
Note the 3X3 transformation matrix i, completely defined by the
quaternion q.
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The above matrix is used to transform ve,;tocs from the inertial
system to the missile body-axis system. There is a one-to-one corres-
pondence between the matrix in Equation (A-18) and the quaternion q.
The following relationships may be established by comparing Equations
(A-18) and (A-29)

e0 = X e= e2 = T) e3=

This correspondence shows that the set of all matrices of the form
of Equation (A-29) is the same as the set of all transformation matrices
obtained by Euler angle rotations.

The standard Euler angle P, r, o (Figure 1) can be computed from
the quaternions by the following relationships:

G = sin- (-2 (ele3 - eoe 2 ) (A-30)

= tan-l(2(ele+ (A-31)

0 1 '

i 1/ 2(e 2 e3 + eo0e 1) l
S=tan 2! 2 (A-32)

which can be established by comparing the transformation matrix using
quaternions to the well kricidn three parameter Euler angle transforma-
tion matrix. Similarly,

e 0 =cos V2 cos 612 ccs t/2 + sin v/2 sin e/2 sin o/2.

eI = cos 4/2 cos C/2 sin D/2 - sl., $12. sin r/2 coa ¢12

e2 = cos y/2 sin /?!2 cos -. 2/ + sin -V/'l cos e/2 snr. t/2

e3 = -cos *12 sin e12 sin s j2 + s•n ,/2 cos t/2 cos o/2 . (A-33)

4. Cealev-Kl.in Parameteri:

Viis section ,il] lay the groundwork for the a-r-t eection
where thv relationehip between the angclar rates p, q; and r and the
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quaternions w-ill be developed. The basic idea of thLe Cayley-Klein
paraTr2ters is to represent a real retation (or transfermation) with a
2X2 complex matrix instead of the usual 3X3 real matrix. Thus. analytic
operations are greatly simplified. Consider the following complex
matrix

H = hl hi

h21 h22., (--k-34)

Let the matrix ha7e the following properties:

a) H is a unitary matrLx'

Then from the unitary property

H* H I= H H (A.-35)

1hus

r.

1 * F21 h12
h12 122 210h7t 36)h o:

Expanding and equatrit, cor•>onants

h .1 h1 1 +" 21 21(A-37)

i h +h h =0 (A-38)11 12 21 722

h1 h 4- h 1 =, (A-39)
12 li 21

i t 12 h22b 22

a~mmminim.A~~amk.45



Note that the left hand side of Equations (A-38) and (A-39) arn the
complex conjugates of each other, thus, there are only 3 independent
equations. Now from the fact that IHl = +1, we have

n it h 22 h h21 h 12 = 1 .(A-461)

From Equation (A-38), we have

h h?^
-- - ' (A-42)

h2 n12

Then using Equations (A-41) and (A-42)

h h + h h -(A-43)
h2i

Since (hl hnl + h 2 1 hl) = I f'.om Equation (A-37)

h12  -h2 1  (A-44)

Simiiarly

b2 2 = h11  (A-45)

So, the matrix H ma", be written

- h1 l 11121

- h- (A-46)i-2 11l

The quantities h J, h 1 2 , h2 . ane h2,2 are nsually referred to as Cayley-

JK~in parameters and aze in generzi complrx numbers which can be defined
by the two compl.-x r.nmbers
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h =l C0 + iCI

h12 =C 2 + iC3  (A-47)

and the matrix H may be written

-C + 5 C - ic] (A-48)

Now consider a matrix P which has the following form
2

Sx + y z(A-49)

Swhere x, y, z are real numbers which can be viewed as coordinates or
components of a three-dimenwion-l vector (X, Y, Z) in Euclidean space.
Since P is Herm'tian, the transpose of the zomplex conjugate of P is
equal to the matrix P and

P* = (A-50)

Nmo, consider the similarity transformation of P of the form

P = H P H(-5

The foilwfing properties of P are invarient uiider a sliilarity trans-
formation: Hermitian property, trace, and del-arminant. It follows P'
muat have the following form

Lx'+iy' ' (A-52)

5ince

L= (A-,3)
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it follows

2 2 2 x2 ,2 ,2
x +y + z =x + y + z (A-54)

If x, y, and z are components of a vector, then the length of the vetibr
has not been changed by the similarity transformation. Then from
Equations (A-49), (A-51), and (A-48)

jii , .1 Y] .x ] [O +:c 2+- ] z C1:17] c0 'l C2 1 c

(A-55)

Then from Equation (A-55), it can be shown

[ CC 2C 2CLCJ -C1.C 2l+3cc, C C023) 213 02I'2I C C2 + C 2 _C32 2 (CC2 +c 3c 0)
- 2(CiC3  COC 0c1c2)

L^Ch + CC3 2C1C2  COC31 0  1  2 (A-56)

Using matrix notation

I •U A-5 7)

The matrix A satisfies orthgonality conditions. The parameters Co, C1,

C2, and C3 may be related to results in the previous two sections by

comparing Equations (A-56), (A-29), and (A-18).

C 0 =X e e9

C 2 =e2C1~ = •=e 3

C2 = = e 2

C3 = =e (A-58)
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Thus, an equivalence has. been indicated between the real 3X3 matrix A

and tVe complex M-2 matrix R.

It will now be shown that the multiplication of two real 3X3 mat-

rices corresponds to multiplication of two associated 2X2 complex mat-

rices. Consider the read Ltansformation by the 3X3 matrix B

r =Br 
(A-59)

Now let the associated 2X2 complex matrix be II, so that

-1
P R !-I-, (A-60)

Consider a seccnd transformation A associated with 2

r r

P11 11 1 Ez(A-61)S-~ _ -l£

Now substitute Equations (A-59) and (A-60) into Equation (A-6!)

r A B 
(A-621)

-i !:'' 
(A-63)

but AB=C andII2 1_) H. where C is a real 3X3 matrix and H3 is a

complex 2X2 matcix hazing the form of Eqtation (A-46). Thus, the

multiplication ot two real 3X3 matrices '.orresponds to the multplication

of two associated complex matrices in tane save order. Thus, there

exists a group lsomorp'aism between the mdltiplicativE group of 2W2

matrices of the form of H above and the 3A3 real orthogonal vatrix.

The Z•2 complex matrix which is associated with a real 3X3 trans-

formation matr1x will be used to derive the cerrespondence between the

angular rates p, q, and r and the quaternions e0 , e , e 2 , e 3 in the

next paragraph.
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5. Relation Between Ouaternicns and Angular Rates

The transformation matrix using quaternione has been developed
in the preceding section. Since the body-axis angular rates p, q, and
r determine the orientation of the body-axis system relative to the
inertial system, the relatlon between the rate of change of the quater-
nions (60S 61) 6' e 3 ) and the angular rates (p, q, and r) must be estab-

lirhed. It was shown in paragraph 4 that an orthogonal transformation
matrix may be represented using the Cayley-Klein approach by a 2X2 matrix

[C + ic C + iic

-C 2 + iC3  C0 ic 1 (A-64)

Then using Equations (A-64) and (A-58)

I os L + i cos y sin cos sin + i cos ct sin

cos c 2 2

1! -cos sin - + i cos a sin i2 cos i.cos .sin

i (A-65)

Now let u = AL.' be an infinitesmal rotation. Then if we assume cos
nAs/2 = I and sin .-- /2 = Aui2,

I+ cos - cos A + i 2
H =2 2

- CoosP+ i o 1os-i a cos y . (A-66)

2

Now assume that the rotation Au occurs during the time At. If H is the
matrix at the beginning of the rotation, then H H is the matrix at the

end of the rotation, and the time derivative of H may be written

54 Lim H - H) Limd-• _% -+O•t At -0 ( - I_ (A-67)
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then

[ Cos Cos +icosa-

dlHl dio] . (A-68)

-co 0 + i cos a •iCos Y

Because d 1,/dt is the scalar quantity of the angular velocity vector,
the p, q, and r components of this velocity vector, as defined in
Figure 3, are given by

p =T cos a

dp
q =- cos

du
r =- cos y (A-69)

Therefore

C+ i C + i 1ir q + ip C + i C C2 + ic 3]O iC C - iC 2i3 C 0 1
• =2 1

c+1 c o- ic' -q +ip -it l-C2+ ic C c0-c|

(A-70)
Expanding and equating like cotponents

2C C 3 p - C 2 q - Cr

2 C1 = -C2 p + C3 q + Cor

2 C2 = Clp + C0 q - C 3r

2 C3 = C0p - Clq + C2r . (A-71)
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Then using Equation (A-58), the relationship between quaternions and
angular rates is

o = -1/2 (elp + e 2 q + e 3 )

= 1/2 (eOp - eq + e
1 0p e3  2 r)

2 = 1/2 (e 3 p + eoq - e1r)

e3 = 1/2 (-e 2p + e q + eor\ (A-72)

It will be recalled from Paragraph 3 that the quaternion q e0 + 1eI +

je 2 + ke3 is a versor which implies
S2 2 2 2

e0 + eI + e2 + e3 =1 . (A-73)

Equation (A-72) is used in the computer program to compute the rate of
change of the quaternion compnnents subject to the constraint given in
Equat "on (A-73). Tihe matter of a constraint is handled computationally
by rewriting Equation (A-72) in the form

-1/2 (elp + e 2q e 3e + KR e

1 = 1/2 (e 0 p - e 3 q + ea2)+ K E e1

= 1/2 (e.p + e0 q - elr) + K e e

1 3 = 1/2 (-e 2 p + elq + ear) + K e e 3  (A-74)

where

1?+ e 2 + e2 +e) (A -75)

and where K is an arbitrary real, positive constant. The program uses a
value of K = 100 wbich was found by empirical methods to be satisfactory
for all cases tested. The value of K may be modified in the program by
reading it in through one of the subroutines supplied by the user. How-
ever, large values of K should be avoided because the result will be an
unstable solution.
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Appendix B. INTEGRATION ROUTINES

1. Introduction

There are three integration routiris supplied with the main
program: Runga-Kutta, Runga-Kutta-Merson, and Hamming Predictor Cor-
rector. The user selects the desired integration routine by an input

* data card. The step size for all three routines may be altered by the
user at any point during the simulation by redefining the FORTRAN vari-
able DT in a user supplied subroutine which contains the common block
OTHER2. It should be noted that all the integration subroutines have
identical arguments in the call statements but that some of the FORTRAN
variables in the argument li t may be dummy variables. The equations
to be integrated are generated by the EXTERNAL, SUBROUTINE DESUB TICME,
X, DX).

2. Runga-Kutta Integration

The Runga-Kutta integration routine is a fourth order method.
The call statement is of the form

CALL RUNGA (TIME, X, DX, R, DT, DTMIN, EMAX, NT, IC, SMAX, DESUB) .

The set of equations to be solved is of the form

1= f 1 (Xl, X2 , . , Xn; t)

2 f2(1 X21  X . . . . . . t) -

in f n(Xi X2  X ) * t)

Then the equations used in fixed step Runga-Kutta integration are

xt+ l), xt)+ 1/6 (K,, + 2 K12 + 2K13+i)

1, 2.5 n
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where

Ki2= h - fi(Xl(tK) + KI 2 ', X2(tK)+ K2 1/ 2 ,""", Xn(t)+ Knl 2 ; tK

+ h/2 (B-2)

K. 0 h f.(X(Kt + K12/2' X(tK + K22/2' n + K n2/2
+ h/ 2)

i4 i K) K3' K 23 Xn + Kn3; K

where h is the step size and tk denotes a specific time at step size h

intervals (tK = K.h where K = 1, 2,

This program has the advantage that it requires less com-
putation than Runga-Kutta-Merson and is faster when there are no
fast transients (relative to the other transients) which die out and
force the use of a small step size. The program also has the advan-
tage in that the user can determine what stage the computation has
progressed to in the subroutine by testing the variable R(4). The
variable R(4) has the following significances: R(4) = 1.1 implies
Kil is being computed (starting with subroutine SEEKER), R(4) = 2.1

implies Ki2 is being computed, R(4) = 3.1 implies K is being computed,

and R(4) = 4.1 implies Ki4 is bcing computed.

3. Runga-Kutta-Merson

The Runga-Kut~a-Merson method is a variable step size program
which in certain situations is potentially faster and more a'curate

than the other methods.3 This method is a fourth order method which
uses the following equations:

3 Martens, H. R. A Comparative Study of Digital Integration Methods,
Simulation, February 1969.
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Kii 1/ h [XI [ýK). x2 (tK)x (tK) tK*J

Ki2  1/3 h f, [XIK+ K11, X2 (t K+ K 21 . n ( t + K.1; tK+ h/ 3]

x =21/3 h f [x(tK) + .5 K1I , + .5 K 12 , 2 (tK .5 K21

+ .5 K22  ... x (tK)+ .5K+ .5K 2; tK•+•h/3]

X =1/3 h f1  ( + 3/8 K11 + 9/8 K1 3 , X2( + 3/8 K2 1

+ 9/8 K2 3 , .. , (t)+ 3/8 KnI + 9/8 Kn 3 ; tK + h/2]

x5 1 1/3 h fi [Xl(tK) 3/2 K1 1 - 9/2 K1 3 + 6 K1 4 , x 2 (tK) + 3/2 K21

-9/2 K2 3 + 6 K2 4 , ., Xn(tK)+ 3/2 Kn - 9/2 K 0

+ 6 K 4 ;tK+h (B-3)

then

X X(k + 1) X X(k) + .5 Kl + 4 K4 + K5

where i =1, 2, . .. ,n .

The estimate of the truncation error is

S (K,1 - 9/2 Ki3 + K 14 -12 Ki 5) /5

The step size DT is changed by the program until SMAX, the maximum

element of the set (IE11, IE2 1, .* , En ), is less than EMAX, subject

to the restriction that DTMIN <- DT where DTMIN is the minimum allowable
step size. If the computed DT is less than DTMIN, DT is set equal to
DTMIN. If SMAX 5 EMAX for three steps in a row the step size DT is
doubl.ed, and if SMAX >- EMAX the step size DT is cut in half (DT2- DTMIN).

The calling statement for the Runga-Kutta-Merson integration
routine is of the form

CALL RKMER(TIME, X, DX, R, DT, DTMIN, EMAX, NT. IC, SMAX, DESUB).

The parameter R(4) has a definition which is very similar tc
the parameter R(4) in the Runga-Kutta routine. The variable R(4)
has the following meaning: R(4) = 1.1 implies Kil is being computed,
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R(4) = 2.1 implies K12 is being computed, R(4) = 3.1 implies K13 is

being cowputed, R(4) = 4.1 implies Ki 4 is being computed, and R(4)

5.1 implies Ki 5 is being computed.

4. Hamming Predictor Corrector Intergration

This integration routine is a modified version of IBM SUB-

ROUTINE HPCG.4 The subroutine is basically the same except that it was
changed to be compntible with the other integration routines.

Hamming's modified predictor corrector me+-hod L's a fourth order
method using 4 preceding points for computation of a new vector of the
dependent variable X. A fourth order Runga-Kutta method is used for
adjustment of the initial step size and for computation of starting
values. The routine automatically adjusts the step size DT, halving or
doubling. If the step size DT is halved more than 10 successive times,
an error message is generated.

The calling statement is of the form

CALL HAMPC (TIME, X, DX, R, DT, DTMIN, EMAX, NT, IC, SMAX, DESUB).

/=

4 IBM. System!360 Scientific Subroutine Package (360A-CM-03X)

Version III Programmer's Manual, H20-0205.-3, 1968.

60



Appendix C. MAIN PROGRAM LiSTtNG
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C THIS '-ROGRA4 I'S A GENERAL PJQPBE Pk'.)GRAt4 FOR THE 6C SIMULATIOIN OF
c TFRMINAL HOONINCG NT.5ILFS

rl C-00OIONATE TRAiNSFOWt.ATJ.(S ARE MADtE WXI'I QUAT-ERftIOI:S

C -~TL7L USER -P.LJS- SifPPLV -THE FfI-OtO$-N6 Sf8ROU-TI4E5- -

0 SEEKER
c -TARGET
G FOR3 H

C. -- WIZT- --- --

C STRPL f

& USER INSTRUCTIC.4S FOR -T411S PROGRAM$ MAY 43E FOUND IN RE-TR6-72-16
c 21 SEPTEMB;ý 1972% LIS AR14Y 4IISSILE COMMAND* REDSTONE ARSENAL98'V
6e DR. LEWIS 6. M4INOR
c rOR, LEWIS Go !41NOR

C ' LIST JF VARIASLES USED IN P,'CGFAzi
C4 4 *4 -Av 4 44 a 0*444~i 4 4~~

C x:11i'

C X(3)=R

C X(5)=El
C X (6) =E2 - - -

C X(7)=E3

)Ct))Yk GOT
C X(is,=Z: PUOT
C X (iI I =,E

C X(13)hZE

C X (J? J =143,S5 (,S X+ -Tý 13 ARE THE TARGET STATES

Oli.NSION A(5;J)?ODX(-A-)- - -- --

DIHE NSIOI4 T&G( 8)

RýEAL -MACH
R~EAL- -'4X-,4y-v;Z-vKKE*- -- ---

REAL MASS
REALi(I-ZI~- --

INTEGER SXTX
*CG I6N IAIS-A-C-4)- . -

COMHOIN /OISL/ UJ,14 ,DELXEPELYE, DELZEXTEYTE,ZTERtt
cO0 4LVJ4 / ANG/.AL FA ,BET-A vSI-G~y v3I-GZ*PI iDY2 9OP3rOY4

C014'ON /FRHO f FX9F'V, FZ93NXiYHvZ IXc,Ii, IY, IZX MASS
COMION /OTHER1 /ITERA ,OT,DTIIINEIAXSMAXTMA)C, eRNTI
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RMINI:1003.

IPLOT(t

t;W%-4AQ Isit.. Y- I~A. *S" L'_ 4.

C* IrTUP4=2iSTAN~fhR0+SPECtA'. PR764TOUT/

~$FINTGPT=&q FIXEO STEP RUNGA-KJT(A It4TEGRAT!0t4 USED j

REA54"5-O-01)S4 T

800~ 13RIAT48AIGI
~ 4ALL £XIT_ 7-- -

?4SXl --NSX +1 *
N TSX zT 'CvSX- --

147=SX TX -t13

-.- ------ *-.-- .READi5,11?~ --T7 KEv PHI 9THfTA 4Pi-t -.

4EA- (Ft 1 '. 91 49 4 44 94 4 99

C R!FAD STEP SIZE, PRIN7 INvERVýLv AND M~AX TIME
~~~4~i *~±3 ~ ~ * ~~ * -i

~A~tjj)01, MtIN~,E"AXvPR'4TIvTMAX
kLX)(-5,'Zau, 4AAJ(T- ..

c ~ ~ 49*' 44O~94 99 4# 99 4
C

C O )THER CON'3TA4S
t *_AJ.t .f f- ý 4 _p Va It_ v # i4_j* ' 9a4 94 4

'o~ =32. .- '

C; COMPUTE IC rO C~qf~h*!lE4YZ

COST HTI=C O~r-I-S/2. J
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X (4) =(;OSP!SI4'C3STH T9 SIPHI-Sy NPSI#4SINTHT*CSIPHI.

~E I - -- -- - - -.

Xtb, =COSPST4ýSINtKT~fOSPRIt+SL.NPSI*COS3THT4SINPHI

X(7l=-CoSpSrI4NTHT4SjtflPHI+SINPSr*COSTIF1#COSPHI
- LtLL- bFfDE*,t-XU'.)vX5)9Xl6)tXfM --

R(Vz DT

-G-0- 'I' -51-3 ---

C STAýZT INTEGRATION L~J0P

9 GOdNTINUE

IF(I.f4(PT.CQ.3 GO TO 30
IFf-Nl-'PT.Ej.2 6O-TO 31
CALL RU6(I4~tj,,TOMt~EANv~SA,)SB

3uV CALL RKMER'tI,1E,,,OXR.OT,(irMIN,2MAX,NT,~gSNAXtOESU8I
- -GO-4 032------- - - - --. --

31 CA'L -I'P;rFXXRDTI.MX,4-I*M~DSg
32 CliTrINUE--

IF-4T-TXF.LI.XASTPT.ANO.1tTEfIA.NEcl) 4;0 T(I-41i-
1sil XtT 0 T=XCAST0T+PR.1iTI

*--1-= 4--Of#T,4-EQ---"- TO --63- ----- - - - - -

TFtITE-rA,NE.1) GO TO 512

821 ~ ~ TA (O'~(MG.31) , /; 8

512 WRIT tJ6,! 13) 1E

- P-SI-r-4 TAN424av-*#4-X--) IS44~~ 4,~--X')(-4 1434 44-1~ i-

WfRITE(b.'30O- Jg,/,W,ALI7A,9LTA
*WRI?$P(',164. &(-(,X ---- -- -

WRITE16,503) .)P3*0Y4,SIGY,sIGZ,<E
IFf4tOPTNwFO.:?4--G0 TO -7021 . --

6)31 CALL 14RT(TTMV,'.-0X)

7.11XP.E.AXT q' TO ~
"- llE(-&v7-8OO --44M(-P1- -- **---
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k, I GNT I lt;2:
CALL FT$ZPLT4-?I-M4Ev-XDX-,-1414SS9,IPT) -. ~ --

IFUIPLOT.MQOI 670 TO 637
IF(!D41SS 605,-605,P686

6J3' C ONT 1 rUE

Cr ---c;Q1PUTE-,IY..SS 3.STAWýE .- .- -

lFtIX(I*E;2.C* ) G,) TO 61,2
g~-AG -& OL'2~EY igt) ZE M~a --- -I
WRITE M, 669)

-94-9- i-F/R4A T4' X X - -X--X- KX XXXXKXXL

1EARYN IHPACT POINTX XY.X K X X X XX XXX XX X X X X X X*/

612 lFVVINCGT.500) GO V -No IN~t3PT=g

TFNINmLE.q?4ý GO TO 502
DX1 Of*=54~ELX4E- - .-

DYMIN=DELYE

Gr.3 60Z
&)1 WPITE (6, 3021

-- - WRirr4*6,3c3! 944IS.

WRTT t2 i6t,91C~

Ilonss=ý

625 ZONTI.IaJE

60 IF(Xil3) *LT.5;. '0TO6

WRIT E (fi, 6G4.)
*-U -iTTF (6+ 91"- --.- .-. ~. --

GO T3 41
SU Q& - CONT-4t4a - -- - --.-- __ _

GO T3 I
602 C ONT I NlE- . -j-

GO TO q
641. -r.0R~T44rV 4X4-4".rSS VD A)4:E-Q-RE4ATFP-INA N -UFM& - ----

3 -12 FORM¶AT (///1r #t23144 + t +. + +. +. 4- +- + + + +- 4- + + + 4 +. # .~ 4
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+ +N &A 44-I- LA 41 M 4A 4U

11- z. o, 1-. ft It, @I .t

+W 4-4 ± 4 V-
4  -4 'T4 V4 T -f

w jx + 4. O ItIt- Lu w ýj Ld -14 1.1.

X:x 4t d- !,. U
LU) W0 +-4 + 4L .- -± w

++ LL) z ~ 0. *6 w . d. .

It .- + +~ 0 ~ i .4 111 .-4 ¶4 ¶4 0-4 CL

11 9. -I I.- pqX 9x x

L.J +. + C) ;,- 0 U. r- ? II N ~ IiN ! :
t1: .a 91a V 1

0.- w 00 +: x w' ' - -

I-Lu ~~ + l*-'-I- ~ 4 . J .4-~)-*I

XIr + + w X:~¶ v-4i I~ZW W u~--4

U11 + +. 4 qm X. 0-' O-N aN- oNLu -

0-1 X x Wl 4.4 L)~ . _j -t 't !

I,- L + 1.- '-t -I ý4 - 4 -4 >- 4
Ill¶ .4 >- a 4 a- r-W aC3 -4C 0

x' Zý f-4 , a m -w -m -w a m - a m -w La.x a-
Cj~~~ *X +4 "0'N. o- N JAI)(lJI aý-I

04j 4 OLfl\ uQN%.x U. LI' If. 1 It, &X

C-3 3.- M+.~--IQ 4 A*r x-l a-pe ifw

+ t*- if M. If *'N t-r. 4 -r

MOOIf -t -T -T-. *I t -t0..40 -1
(DII W o o0 ++*w & 1 -

a-~ ~ Z f1 U. -- a- V4 Xz i ss -4 Xu T- Xi .
*~V r "(.- J -~-4V~- V4 -'.X a-4. X -NX- X-N a-W

ri + zf¶4 14 r- 'j X 1n tAJi WI N- UI a-IU a`-I W -LL'T 4

-0 -- On Ott -t - 1 -:

* x o fr .4L) -; .r-
m t 0 -1 UI L&+ I-- C -4 .-. W4N. >i eu1I C-L a-4. a u.. a-4 C -4 6-

x w, 0 ' - i 0 x - X1 ,ý " o. N fN'w N r Jr.

lj0 C\¶O ' N. ýi 4. ý4' ý4 14 .1' Li' U
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S&4I3'- -- 14-6 TF0 A 4,&.

ElS=;- I *E 2.
E2S=E2*E2
E3S=FS*E3-

E03=ED*E3
E13=El*E-3

E23=F2'f&'

Af2) =2.*E1*:+E713)

A (c; =C,ýS+E3S-E IS-E2S
R E TU R

SUFRO*JTINE EAFC,3F(AIEu,EltE2,E3)
aýMflE14SION t-Tf3),A(C3)
CALL -3F7TGEA(AE.3,El,E2,E3)
Al (.) =A( I)

AlI3) =A(7)

A I4i+) =A( 2)
A 11(5-0 =A(5)

tl(.3)=A(6)
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w4 -4 . . .
- -

.-4. 0 14 t.-

CD* - 4

1A z o w -
-0- -Z

,0 -0 .40

CZ 0% f Al

>0- .71 o N r -~

cr : " N cc f.

>- '-.0 I--

v..: .8 -0WP-

$-00 0
'r* - . 0 a%

<- * i' -s-a

*., IN-L1I -T

UCj ?- -4 4

>.., - *r.I - N + 4-00

ry - 7N -I, n*-a'fU

z 4 z ' >4 .44 - 4 ~N j~

CD-4 -4-. 'tl o . It .

9J --

1- 23 *N iiiD Z -

En C 0 C. tr4 >N C'

*~~- *- 1 4 e
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-SUBROUJTINE flESUiBCTIME tXiDX)
R~EAL &IAC'HKE,IX,IY,IZXzx,MASSK,lx~tiy,ttz
INTEGIER SXTX
01MENSION X'(l.J.X(1)

COM"ON fINTl Ri4)
COMM!ON/Vx~XX/VM2

,0410ON f0ISPLf UVWOELXEOELYEDELZEXTEvYTEZTER"
COMMON /ANG/ALPA,8ETASIGYSIGZOBPiDY2,OP3,DY4
COMMON J-AIR/ MPCH,V"*VS,QS,QSOQSRIRHO
CON4ON fFRMO f FXFYF 7,HXMYMZIXIZIYIZXMASS
CON4ON /OTHER1/ITERADTDTHINEMAXPSMAX.TNAXPRNT[

- CO.'itON/OFTHER2/ THTAPSIP4IKES,D,SX$lX,K,GNMAXPT
CALL EATO8F(A,X(4)9X(5).tX(6;9X(7)J
UA=X (8)
VA=X(9)

CALL W104D(TIMEXOX,UAl:VA,WA)
C&_qLL MtJLT(UVW,WAUAIVANA)

C * * * * 9# * 9 * * 9 * * * 9 4 * * * * v * * -* I.- 90 * *- 9 * *9 *

C COMPUTE LOSiTARGET MOTION USING EARTH COORDINATE SYSTEM

CALL TAIRGET(T ZMEvX90K.
OELXE=XTE-%Ql1)
DELYE=YrE-XI'2)
DELZEZZTE-X(13)
RM=SQRT(DEIXE' DEL XEDELYE9 DBLYE4DELZC9DELZE)
SlGZ=ATAN210EL YE, DEL XE)
SIGY=ATAN2 (-flELZEDELXE)

C

C ' CI1MPU!E SEEKER DYNANICS AND BODY FIXED WING COMMANDS

CALL SEEKER(TIME*XDX)

C 9 COMPUTE RHO AND SPEED OF SOUND AS A FUNTION OF ALTITUDE

N=-X (13)
CALL AIRTAB(HRHOVS)
VM2=U*U+V*V+I9'
VN=SIIRT(VM2)
"NACH =VN/ VS

C
C 4 99

C 9 COM~PUTE ANGLE OF ATTACK

ALFA=A TAW tW,U )
BETR=ATAN2(V,,U)

C 49 9 9 9 9 4 9 9 * **44* ***4* 499 49 94 99

C 4L COMPUTE FORCES AND MOMENTS IN BODY FIXED SYSTEM
C 99994999*99*9** **99 * *99 *9999999**9**9*9999999 *

CALL FOROPI(TINEvXOX)
C
C 99 9 9 *99 9 9 # 9 99 9 9 9 9 9 4
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- -- ------

- ..-~ -Of-+ialT-leN-1-N-TI'E- -908* - *E-ý5'S-TRf~i*44IRTO*1S--

- t-9-MX-X (21K I*X ) (IZ-I:.* -XQý *X( i)'IZX

DEN=IX*IZ-JZ" IZX

I3X(2) =OD4Y/IY
-COR - - -- .-- -

OX(3) =(DHZ*IX+ODjX*IZX)IOEN

Ce3fsAtT - -

C O-i

C A-.. Etf4,)X5-Xb,(3 14 - --

CALL MULT(FXEvF'rEFZEAFXv.YoFZ
C ZE DOULRL-E OT - ....

OX (10)=FZE/MASS+G

C YE DOLJLE O~T -- - --- - -I. -- -- -

*DX (9) =FY E/tWSS
-C YE-ODOT --------- *-

OX(12)=.. (9)

OX (8) =FXE/MAS:;
C XE -O-T- -*- -- *- -* -*

Rt4=S-%R-T-(-9ELK E'DEAXE -DE L-VE-4g=-k 44~)E&.IE-'-OEI-ZE) --
RETURN
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SUBROUJT14F RiJ44CA7(TIMEY~f,F W,4ELv9BELMI-NEI4,A)(,#, GG#4A*( ,ESU8)

!) IMENSION VS (50) , C N,5 0)

IF(IC.GT,t) 30 TO 2J

13 H=( ' L
I FGO
W (1) ~
14 (2) = -)EL
NH=1

GO TO 1035
c RESTART IF INP'UT OftL HAS CH4NGE9
2') IF4DEL.tNE.W(2) )-- GO TO 1.3
135 TIM=EOTIME

DO1.G. GO4 I1= 1FN

W((+) I 
I

CALL 9E~SUP(TINIE,V,F)
r) 0 11 3 J1,N

i2i T =rTIM EC,+ -4 /11.

010 13i .J=19
1.3.1 'J(J) =VS(J) 4C (1 J) /12.

A (4) =2.1
CALL ')ESUr'1(TI~iE,V,F)
DO 14) J=1,N

i-+u C( JF (J)~
n0 Iii) j1l,N,

.5C V(J) VS(J) +3 Q J) /2.
.4(14) = 3.1

90 *3J. J=1,N
3 J C (39J) (J)H

TI.%17=TT:i.:O+14

3)1 V (J) =VS( J) +C (3 PJ)
W (4) =-+.I1
fCALL -JESU'1(TI:1lE,V~rF)
90J 1 2 J= !,',I

3J2 C (4,J) =P(J)*d
1)0 33i J= , "IJ

~J3 V (J) =JSJ) +U(N10J)+2 .*C (20)+2 .*C(3-,J) +:'(49J) 1/6*

W (4) = 1. 1
CALL 3CSUP(TI.*9E'VqF)
n3 ) 2 J. 1~, N

2j) C(iJ)=F(J)*H
IF(L 1
1C1l

ENO
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SUPROUTINE 41ULT{OUrXOUTY,9JTZ9,3.ItXINYI-NZ)

RE:AL [NXINy-tlNZ

0 UTX 3(1) 14'X+ 6 (4 ~i 1Y + 97) 1IN Z

0 UTZ =,3(3) T (4X+B (6)1 N Y+ 3 %q) ~IN 7

- --tt8 'JTIftE K-tERt-fNtE v~ftitt,!)EL'*BEtLttIN4EM MttrtfC 3ttA*rOE~tfl

c COMHPUTE STOP fOR THIS 14TE6R4T!ON STEP
-J3 TSTOP=TI NE.)EL

2C CHECK FOR FIRST TINE INTO ROUTINE-
10 IFfIC *GT. U) GO TO 20

c FIRST TTMEE IN

W4(2) DEL

2C IfW0EL dIE. 14(2))-- Go Ta-13
H = W(i)
MHz (3) -

C INTEGRAT UJSING R-K
-- C - - SAVE- V- A3t E-*At-Ue5--fN-iFS A;IR----- -

105 TII4EO=TIE
n0 106 1=19"

106 VS(I) =V(I)
IFfIFG.GT.0) GO TO 12C

c FIRST PASS TN RU R-K COMPUTATION

110 CALL OESUD (TIIIEVF)
00-11-q J-1,N -

119 C (1,J) =r(J) 4m/ 3.At

120 TIINETINEO*4'/3.

4 34 V tJ--VS(J+ IG (t .
P~(4) =2.1

-CALL OESUB(Tl'4E*V,F)

00 143 J=I,N
140 CQ2,J)F(4af4l".- ---

00 150 J=11N
V5 I-)- ys Vj)-4,46+z-G-
W4(4)=3.1

*GALL flES4.B4Tl4IEVvF# --

00 301 J=19N

3-30 CC3,J)=F(Sf4H/a, ----

CALL flESUEl(TIMEV,F)
*-O0 ~32 SlytN

332 C (4,pJ)=F (J) H/S.3

00 303 J±1,N
3133 V(J)=VS(.J)+L .5C(ltJ)4.54G43,J) *6.*G(4v.)

W (4) =5.1
CALt 3ESUBfTI14E-Vvr -

00 334 J=19N
304 - G45.J+=FRJ)'4'#3r -- -v
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ýF(9ELLE,0rL.1I4) G.) TO 169
IF(.501.LT.IE.MIN) GO TO 15C

c Týr-Sr FOR 4IALVING H

,-) 153 J=IN

IF(V7RO0.GT.E'IA') SO TO 1;5
!F7(7-ýýOR* CT. S-1 AX) SMAX=EPR)I

C HFý;< FJý T~itRD ITERATIJ,.4 .411H ERO LT EMIN

IF(d42.G,fl~t-L) GO TO 16ý

C 9I~df' T,411S TTERATION

IC =I
S3TART "'-K I4T=GRAT1O.4 OVEP

NO 11) Jzj, .4

1 GC V ( ) V1; (J

C 'J-R2ATF 4 rAILE
1;):, rnO1 3.' J= 1, j

14(4) = 1.1

IFG= 1.
C x- 4P0F R!_:UI"EJ IMTE"'.ATIOWJ

W (3) =*4 H

R F T J, ,
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""CMfON lIlly, ISTEP-
C CHECK( FOR FIRST TIMEIN ROUTINE

IF1M..GT9C) GO TiO 300
313 W (2) =H

IHLF=O
T II= X
GO ro 305

C RESTART If IN-%-dT- BEL HAS OI4AtGE0O -

300 IF (H .NE*W4(2) )GO TO 313
- F -t ei -ei 2 639 TO '--- e_

GO TO 211
305 DO0 1 I1iNDIti- ---

AUX(i6.I) =(j.

I AUXti,I)='Vtl)

C COMPUTATION Or DERY FOR STARTING VALUES
C
4 CALL FCT(X,Y,OERY)

* 7 00 G 1=1,NO~tH
8 AUX ( it ) =ERY( I)

C COMPUTATION Oc AUXI2,I)
ISMI-1 - -.- -.-

GO T3 100

10 AUXC29I)=Y(I)

C INCREM4ENT 14 IS TESTED BY BISECTION
*11 -Hf:=4*~-- -*144------1

- '4-2- -I-t-14IQ*p4-
12 AUX (4, 1) UX (2 9 )

ISW=2 -

GO TO 100
C- - . - - - . __ _ _ _ _

13 X=X+H
-,GALL- FGO XV9 --- -- --

N=2
DO "- I4-,N'oII4
AUX(2,I)=Y(I)

ISW=3
GO- to 100

C. COHPUTATTON OF TES-T VALUE OEL-T
15 DELT=9.
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DELT=.*06666667*OELT
St!AX=DELT

113 IHLF=A11
- X0444- - --.--

GO TU 4~

C THESE IS SATI5FACTORY ACCURACY AFTER LE;S THAN ii BISECTION4S.

CALL FCT(XYDERV)

AUX( 3,91) xY 11)

2 N'--U(4:9v4G.344-- - -

GO TO 100

21 N=1

CALL -"CT(XY,GERY)

00 22 11,vN9IM
AUX(1t1,)=*OERY (1)

22 Y(I)=AUX(1,1)'H*(.375'AUXt.8,I)+.7916667'AUX(9dI)
S-.2a'l33333'JIIXt 1Jv't)+.04166667'OERY(II))

z! W/X+ H

CALL FCT('ý,Y13ERY)

'A 1) =1'4L F
IC=2 -- --- - -

RETURN

25 D~O 26 1,2¶
A2)Y(14,J): = 1

26 AUM(N4?,1).ODERYit)
IF(N-3) 27.929,2C00

27 .00 234=1.qWIlm. - ----

OELi=AUX (9!T)+AUX (9, 1)
OELT= aEL T-*fl~tT------------------

28 y M t*lx (.'&,I)+ .3333333*H*('iJX Mo X)+OELT+AUX(10*I))
J0-LTO 23-

29 DO -00 Lrtr --1

OELT: AUX(qpI)AUXUiOt.1)

GO-TO 23 - .-- ---

0 T-iE F3)LL OW 14 -0-ART-- 4-. SU-4k4.Lý- -I4AHPC Cz."PUZ.ES BY M'E, AS OF
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* e -~A-iKi9T-f- HiE- HeB-- Af fft4S-v-t1-E -5FOR-+IIE--*
C PREflICTOR-CDRýECTOR METHOD
100 0O 101 1=1V0K"

Z=H*AUX(N+7s I)

C Z -IS AW AU YlILfAW- -ST (RAGF L-B9C&ATfON -----

C
* Z='^+~~
CALL FCT (Z*Y s0fRY)
00 132I1,Ot
Z=H'OEP.Y (I)

102 Y(I)=AUX(NI)+.2969776*AUX(5,I)4..i587595*,Z

Z-X+ .4557372*V:
CALL FCT(ZvYi).-RY)-

AUX(7,I) =Z
133 Y ( D =AUX f i,#I + v2i 8 0 94 A Lxt;521)3 V-'65 Xf6t1)+3a4- fS
C

Z=X+H
CAL'. FCT(lZY,3ERY)

104 V Q) =AUX ,Io) +.174763 34AUA(5, I)- .5514u-...AUX;6,1)
- -4+1-*2 9553 64AU X( 7 91) ,+r:711-84.8" OE~I -Y f 1)

GO TO (9,13*15,21)-ilSW
2i]0 - ISTEP=3 - -

29 1 IF(t4-8) 2t,4 *?022,204
24)-2-- ---. a----- - -- -- -- ___

AUVI( N-Ip T) =4U (NI)
2033 AUXiNf-6,I )=AU~((*7t

234 N=N+1
-04 -- -- 245 -- -1- * --' -- - ---

AUX(N-I- 1)=Y (I k
1105 A Uf (~ O4VI N +6 1 *t =0 *4 I- - - -

Do 20f I1,NiKi!i

SAU'(*4+4,j 1)+AUJX (NG4,yI)

237 AUXU!6,T)=fEtT
UALL FCT(x,-Y-v9E-RY;...........*--. . ..

00 2J8 I=1,~401H
"* -EL!'.t2-S59 1 MJ j4I-AE 3--0# (4)-4-X4-(4--
SAtdX(N4SfI)-AUK 4N+5,I)))

AU.f1 6ri~4.1-r- t).UX4LT- -I 1---L - --- ~ -

2u08 Y !1J= UEL T+.ý 74 33StJ'At'X'i16,I1)
flFLT =h 0 v.,* -

00 209 ~1,9OtP
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210 CALL FCT(X,Y,)ERY)

W (2) =H

RETURN
211:. 1 44446F- -1-)- -2L4-5 ZI2-7,-22-- - - ------- - ---

212 ;4 (1) =IHL F
--- pE.TuJR4 - - - - ---

?15 IFtDELT-. C2*E-1IAX )216921'09201

217 IFIN-7) 2ICi,218v218
;16 £FU!&T.CR -1 agy 14 0,-1'
219 IMOD=ISTEP/2

-L~-IsrfP-IIon-Too)?01 -229 901
220 H=H+H

ISTEP=G

AUX(N-19 D =AU( (N~-2,I-)-

AUXL(i&6,I)=.AUK(N?4+5,)-

A-UXtLN-3ID)=AUX EN--2.) -.-

2 A UXfN+4.5IAUKCCN4'35I)

DELT=AX-(If+Ii~)+AX45
DE.LT=PE4TC DEL.+ET ------- - -

22i AUXtN-2,1)=-.9Y296-------AU(-39-3 ______ -*H-----)+E

1-AWX(N+4, I)f31 YI

GO 10201Ii-~E

22 I44 I =. -5 493A -. - I z~
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---slbBR-O6T-~t E- T- +tE--+fifSi ihP)(vf~ vtf-viT.;t NP vZ~ZT,;i4Z vkPZ

c AL -KU JTN FCR 3INDEPENDENT VA1BE -

c I = NUHBRE1 OF INDE?ENDEt- '.-Ii II48LES "ORDER)
C N = I FIRST OR09R IX) --.--

C N = 2SECOND C..DER 0X~f)

C ANSWER= tOEPJENOFj4T VARIA5LE CORRESP01I~NG TO INPUTS X,V,7)
0-- W T aT-At3LE Of- DEPENDENT AR15ALf C-ORRESF3)Wfl*G TG-(),-T-qVT-w- --
r WT I .J , tO INCREMENT SU3SCRIPTS LEFT 10 RIGHT WUHEN LOAD:UG
-0- X -- s-THE AR-GUK~NT -,R INOE-PE44DENT VARIABLE X---- - -

C XT TABLE OF !.NDEP. X VALJES (MUST BE IN INCREASING ORDER)

c tNPX - IU?4ER OF P'1INTS (0 USF FOR X INTFRPOLATION
C Y. -*sTHE ARWHUEIT- OR INGE-PEWUVEMI VAR~IABL.E Y- - . --

C VT 1.letLE C; INDEP. Y V!ýLIJES (MUST 3E IN INCREASING 41ROEfRI
C Nv 1 Mlf'3ER OF POINTS IN VT
C 3~py NUMSER OF POIRTS TO USE FOR Y INTERPOLATION

-e--0 1- -- T- W- -4VcGIJ?1 I E4B-Et -VARE-ABLE ---
c ZT TABLE OF IRDEP. Z VALUES (MUST BE TH INCREASING ORDER)
C NZ NU#OER OF POINTS IN ZT-- -

c NPZ NUMIJER 3F POINTS Ti) USE FOR Z INTERPOLATION - -

%I REMARký 1. Tl?ýS SUBROUTINE 4ILL ACCEPT ISTs 2NO. OR 3RD ORDER
-C 1f-i e -9f- 1.1--S 1E 5f-* AN&0 *Ts --

C R.EMARK 3ý IF 2ND O'?'JER, USE XTsYT AND kT.
tC REqA4K 4. , F 3RO ORDER, USE XTtYlvZT A*D W-Tf -- -

u RE4AAR 5. A~LWAYS USE ;AT(~ , s FOPR THE TABLE OF DJEPENDENT VALUES.

CT4)TfoNl) -T*Z 4Th9NvZ 94l.5 - -M

53 CALL LINIT (ZZTjNZ-)rWZ,MIlZ~hAXZ)
52- CALL LIMIT 4-Yv,-T-k%*,NPyv34lNv-fMArl - -- ----

51 CALL LIMIT tX,r'TNX,NPX.MINX,HAxX)

45 DO 41-IZ.4
-4 DO 1+ - - -A- -Y-%WAXY

dJý CALL INTEFFP (2,XtXTWTt:,I,;.),tl~,NPX.MINX,.4AXX,W(I))

IF(N.EO.2) GO TO 46
41 C';NTINuE- -- -- ------- - --

CALL IuTEPi, i?,ZZTAt-ZNPl~tII.Z~ttiXZwPANSWSR)
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SUBR3Utlfff lcffl-I-XrftXfNl'd.' f~fhs-AXA)
C THIS SUBROUTINE WILL FIND T42 MINIMUM AND MAXIMUMl SUBSCRIPTS
C- ff'R RANSGEI -To E--CO"tI-OEREO- FOR -ItfERPOLA*TlOH.

DIMENSION XT(14X)

IF(NP2C.GT*NX) NPX=NX'
- -0 2- 5 le. t to

IF(XT(I)-X) 25*22,2i
25 conT I NUE - -

C ....... ... **.**.... GREATER THAN PtX SUBSCRIPT

24 NIXX~t#*- -

H INX=NX-NPX~i

C ........ e.e.**&***~ WITHINE RANGE

21 MINX=-I-t4PXt2---- -- -

14AXXKMI.Xt4NPX- 1
IF14AXY.GT.*4X) GO TO 24.
IFfN1NX.GE.1) GO TO 26

-c - .- (i-, v. "E EurswF ~1TTFF TESS THAN *1* S*IBSO*UPT - -

*INX =
hAXX=NPX

25 RETURN
C *........... .. a4 b..a NO-INTERP NECESSARV

22 MINX=jI RETURN

-- sUBWOUTffftE fw$fERP ftifl ;x(rtrY? lot*P W~9&IY
C T14IS SUSROUTI'EF PERFORMS It SIMPLE INTERPOLATION.

C INPUTS
u LMiT 1 PPOGRAH WILL DETERMINE SUBSCRIPF RANGf (MINE TO MAXX)o
C LMIT =2 PRO;RtPI ASSU'IS THAT "INX ANa) "AXX SUPSCRIPTS ARE KNOWN.
C ASP60+F9*ff OR I$4DEPE-N3E-NT -VARIABLE F~OR- tmICiH ANSV-R (Y-) WILL
C SE ¶OETERMINEO.
C XT TABLE OF INDEPENDENT VARIABLES*
C YT TAMLE OF DEPENDENT 4ARIABLES CORRESPONDING TO XTo
C NX NUMBER OF POINTS IN XTVT
C NPX NUMBEi OF POINTS TO BE JSE3 FOR INTERPOLATION.
c MtINX MI*'"J4I-X-4 SUBSCRIPT -d95E&O FOR lN4E-RPO-LATI(e.
c MAXX MAXIMUM XT SUBSCRIPT USED Fi)R .'ETERPOLATION.

OUT NSEPOUEPNENTAR4L CORRESPONOING TO INPUT (X). -

lc(MltX.EQ.21EX GO O TO3be

1 )0 12=YT -JKNXI fA~

IF(l.'EO.J) GO :o 110

lie (ON1 INUE
120 -1-Y I.-YvI-j*fL
10P RS7URN ___-____
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INTEGER SXvYX

COMM ON/X XX/V WE
COHMot#-/AIP/ MAM*cVlVS-,QS.CZSOOSR,RHO
COWION/OTHER2/ THTAPSIPH1,KESD,';XTXKGAXPT

C 41 -3- A. *..6-4-4 .5.-4--* *..3.*S-3-5- 4-4 3...3.. -4 3-a- 8-3. *.A A�.

CC COMPUTE DYNAtIIC PRESSURE TeIt4S
C £33 *6* * 4 3 3 3 333 * 3 3 333*,*3,

QS=R'IOVH2,s
OSC=QS"-
QSR: R<405 V14S) 3*

ENC

C PLOT 10

C PL.OT 3il
~. --3-U ~iT-NFr -Pt"-~ - - .--- 4

C -- PL3T 50

C PLOT SEVERAL DýROSS-VARI&BLES VERSUS A BASE VARIABLE PLOT 70
C ---- --- -- -. -- **-PLOT ac

C UGASE PLOT 90

C CALL PLOT fA4it MvtNL,tWSt
C PLOT 110

-e-- Pi 9 _ f12eO
C A - 1r.T~trx OF DATA TO BE PLITTEO) FIRST COL.UMN REPRESENTS PLOT 140
C BtSE VkRlAf~t=E- Ate-SUC-CEeSfVE COLUMINS -ARE -THE CROSýS- PLOT 15 0
C VARIABLES (IAC'(14.:M IS 9). PLOT 160
C N - 4*JNBEP OF RGWe. -IN MATRIi(--A - ... PLOT 17C

C M - NUMSFR OF COLUMNW IN MATRIX 'b (EQUAL TO THE TOTAL PLUiT 189

C-- ftz0RI ABEt-r -Pfkx1~4*-S- C u -W! 5 07- ft-0 4T 1-" -

C UL - NUMBER OF LINES IN TFlE PLOT. IF -j IS SPECIFIED, 50 PLOT 200
C LINES ARE US9E0 PLOT 210
C NS - CODE FOR SORTING THE B4SE VARIABLE DATA IN ASCENLe1NG PLOT 220

C ORDER -PLOT 230
C I3 SOQT

T
:iG IS .'40T NECESSARY (ALREADY IN ASCEmNDNG 240

e -- RlR--- PLoT- 250-
C i SORTIN7 IS UF-CESSARV. PLOT L'60

C -- -L 0- T Z'OTO

#, REWf KS PLOT 2830
C- NOWE - Pl~Or 298

- - - PL ('T 300

C NO'A P, oT 323

C - -- -PLOT 330

c PL0 3Ji3

DIIs7NSION 0:JTfi0l)vPRti1),ANS(9).AlI) PLOT 3?4

_G - ---- - - - -- - PLOT 360
2 FORHAT(H ,Fit.4.5XtlC1A!) PLOt 400

Z--FG4NIv1H -)- - - - . -PLOT 410
4 FCR4IAT(lIOS 1-31.1ý6891 PLOT 470f

S ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 O~O4&~1~ -.-------*---__ -- 4IT 4"4

F.R'IAT(..'30X,'H3RIZONTJ^L AXIS RýSOLUTION + OR - 4*F11.4/

A FORtAtC1it'LiX ,F1'.5,84X,I1IZ.5)

C

NLL='4L

IF(W~l 16, 16, lu
C---

C SORT 9ASE VAPIA9LE DATA IN ASCE'VDINZ ORDER
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00 t.4 J=19N
If MA-P--~A4J) 4- 14--r- 14-, -44-U-

-- L=J-N-- - -- - --

00 12 K:-ivM

LL--LL+N - .

A (L) =A ILL,)

t4 CONTINUE

_G__ 4:66:; N 016
C\

46-1-FALL4- 20.16
18 NLL=50

C
20 CONT INWE ..

C
c FIN3 SCALE FOq BASE VARIABLE
C

C
C FIN!) SCALE f~k CROSS-VARIABLES
C
C

YMIN=A (1144 --- -. .

V MAE VMI N
Ii2=.4#N
GO 4.J JzMI,1*2
IF(A(J)-VKI41t*- 2a2,6-

26 IF(A(J)-Y?4AX) 49940v30

GO TO 40
30 YMAX=A(J) . . --

46i CONTI!4E
YSCAL=(YlIAX-YI IN) /10403.

C
t FINO. PASZ VARIABLE P.RI-N PDSZTZJ

C

tL=i

XPR=YW:1.F#XS^"AL

C F~'P Sfs.UtT0,Z. - - __

,C- --- F lXD- ZR"S-~sM AR ASLES- ....

C
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IF (I El. 1 OR I.iEQ.NLL) 100 TO li1
0UT(i)=OUT(1'11 =ANG13)
GO TO 102

131 00 10.) 1=1,131,10o

192 C ONT I'PJE
0 0 f*j] J= I, fY
LL =L +.) *N
JP=t (A(LL)-Y'IIN)/YSC'AL)+1.0
OUT(J'P)=ANG(J)

60 C .J NT INUE
IF(I.Ot4.NLL) GO TO 2ue
IF (YAIN. GF..J. GO TO 20'j
IFtY-44X.LF.3.) GO TO 209
IZERJ=-Y911'./YS CAL+-I
OUT( IZEi0) =ANG (5)

23 J C 0 N T1 %4UE

c DOINT LINE ANO CLEAR, OR SKIP
C

SO TO 80

P41 XPR=A'(N)
GO TO 50

C
c PR~-INT CROSS-VARIAEBLES 4UMBERE-S

86 CONT INUE
YPR( 1) =YMIN'
90 9a KNi,.P-

9 Y PP ( (N-1-) =YPR ( KN) +Y S -A L* 16. 3
*VPR( 1i)=YNAX

W'RITE(6,7) Y3CtAL,XSCAt.
R -ETJR

END
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5U~3JT4Et-A';i- INPUT j OttfPUT,9*-9O-X ~i-IfQEX ,U IM0tNt
REAL INPUT
0IMENSION X(1) ,OX(i)
OX(I'4'31E)X) =(-X( (INOEX) +INPUT) /TIMCON
0 UT-3 UT=X (INID EX
QETU ?N

SUFRROUTINE SECORDt INPUT,9OUT-Z'UT,X 9OX, INDEXETA,Wf4)
r)IM=ENSI23N X(1) g~x'i)
REAL INPUTI
W2-='EN*WN
OXtI)0EX)=X( Trl0EX+l)
')X(1I1f)FX+li=-2.*ETA*WN*X(INIEX+1)-W2*X(1NOEX).W2MtNPUT
OUT UrT=X (If) EX)
RETLJ?-N
E NO

SMfVROUTINE LIM f INPUTO IUTPUr, XMII, 9XM.AX)
REAL INPUT
IF(T~l0 UT9GT XIAX) OUTPUT=X4jAX
IF(tf4?UI.LT.X111 1j OUTPL'T=XMIIN

ENO)

SU"lOtJTIME LI*4<:TA(It4UTOUT'UTK.-iINXMAX)
REAL INPUT
IFQ'4r'ULT.GTXl'AX) 0UTPUT=IN:'UT~jKMAX
IF(INPUT LT*X4I'4) OUTPUT=INOUT=X4tN
RETLJIN
:-ND

SUBR~OUTINEf )EA DSP tINPUT, OUTlU T,&. 0 ER, UPPER)
PEAL TNPUT
REAL LO4EP
V: Q PVT *GT.LOWER*AND, INPJUT* LT-UPPER) GO TO I
TF(TNPUT.LfE.L3WE!-R) GO TO 2
OUTPUT=! NPLIT-J PPER
RE TUI Rl'

2 OUT:' 9T=I NPU.T -L OWE R
RT~JPR

I OUTPUT=O.
RLTUR~4-
END
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-. $ROuy I nTE- CTt tNF v-,-oI)P1-T OPF MA 0?O tATNltr-*0VT-
REAL INPUT
REAL 4AXLRO,KtAXi4LO
IF(ABS(INPUT).GT.FOV) GO TJ I.
OUTPUT=INPUTvS LOPE
IF(A8S(OUTPUT) .GT.MAXLR0) OUTPUT=SIGN(,IAXNL.O#OUTPUT)
RETURN4-

I OUTP UT=a.
RETURN
END

RFFAL LYL4Z
'REAL IX, UP, try
0 IME lS ioN x ( ) )JX(I.)
TLITA G=X ( I NPX)
PSIG =)(I NDLX+1)
rG~r0s (PSrv3)

SPG= SIN( PST^J
CTG= CJS(THTA G)
STG= SIN (TI4TAG)
P--.)( 1)
O=Xt 2)

LY=T-y*CPG+TG? *STG*SPG
LZ=Tr3z*CG
PG=( P*CrG;-PI*Tr3 ICP'G
QG=-LZf(PG*( IX-rTP)+W'a*1X)
iG=LY/(PG*( Q - ITY) +WS*IX)
OX (I ^4EK7 P3 =C(;P*PG3pf$f---f
9)X (I NflEX+i ) =03 -~RRCTf--PFST:
R TJ RN
ENf

SumiouTINF LOLAL t INPUT 3UTPJT x4X,IM~ 14jEX, TrCON1,T,1CON2)
REAL INPUT

OUTPUT= X (INOE7X) +TMZ-ONI*INPJT) /T'400N2
OX (INDEX) =IIPUT-OUTPHJT
R1 TJRN
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